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EDITORIAL 

Twenty  two  invited  lectures  and  eighty  posters:  the  crop  of  high  quality 
results  presented  at  the  international  Symposium  on  Blood  Substitutes  in  San 
Diego  on  the  use  of  fluorocarbons  for  in  vivo  oxygen  transport  and  other  potential 
biomedical  applications  was  impressive.  Progress  was  reported  in  the  formulation 
and  development  of  injectable  fluorocarbon  emulsions,  in  the  knowledge  of  their 
structure  and  physical  and  biological  characteristics,  in  defining  the  appropriate 
conditions  of  use  for  optimal  benefit,  in  the  understanding  of  their 
pharmacokinetics  and  control  of  their  side-effects,  and  in  the  development  of  new 
models  for  their  evaluation.  Large-scale  production  of  heat-sterilizable,  fluid, 
stable,  ready-for-use  fluorocarbon  emulsions  of  diverse  concentrations  is  now 
feasible.  New  data  have  been  produced  to  support  efficacy  of  such  emulsions  as 
temporary  substitutes  for  red  blood  cells,  as  antihypoxic  agents  in  general,  or  as 
contrast  agents  for  diagnosis.  Animal  and  human  data  indicate  that  such  emulsions 
are  safe  for  use  at  clinically  relevant  doses.  The  transient  side-effects  observed  are 
believed  to  be  generic  to  uptake  of  particles  by  the  reticuloendothelial  system  and 
are  largely  relieved  by  steroids  and  cyclooxygenase  inhibitors. 

As  oxygen  carriers,  these  emulsions  are  designed  primarily  to  prevent,  reduce 
or  suppress  temporary  tissue  hypoxia.  Injected  perfluorocarbon  emulsions 
essentially  increase  the  oxygen-carrying  capacity  of  the  plasma  compartment.  They 
will  reach  maximum  effectiveness  in  patients  with  low  hemoglobin  when  inspired 
oxygen  partial  pressure  and  cardiac  output  are  high;  these  are,  in  particular,  the 
conditions  encountered  when  perioperative  normovolemic  hemodilution  is 
practiced.  Fluorocarbon  emulsions  are  therefore  expected  to  play  a  major  role  in 
surgery  by  providing  an  increased  margin  of  safety  and  a  reduction  in  donated 
blood  transfusion  when  used  in  conjunction  with  blood  conservation  strategies. 

There  nevertheless  remains  much  work  to  be  done  to  increase  our 
fundamental  understanding  about  the  physiology  of  oxygen  transport  by 
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fluorocarbon  emulsions  and  the  toxicity  of  certain  formulations.  We  need  to 
prolong  intravascular  persistence  and  further  minimize  side  effects  by  making 
particles  that  evade  the  RES,  optimally  adapt  emulsion  characteristics  to  specific 
applications,  pursue  further  clinical  evaluation,  and  collect  the  efficacy  and  safety 
data  needed  for  obtaining  regulatory  approval.  Perioperative  hemodilution  appears 
to  be  an  ideal  model  for  the  latter  purpose. 

The  potential  applications  of  fluorocarbons  in  medicine  have  been  elucidated 
further.  A  wealth  of  data  was  presented  on  the  use  of  fluorocarbon  emulsions  for 
rescuing  ischemic  tissues,  in  cardiovascular  bypass  surgery,  as  cardioplegic  or 
reperfusion  solutions,  as  an  adjuvant  to  PTCA,  for  improving  tumor  response  to 
radio-  or  chemotherapy,  for  the  normothermic  preservation  of  organs,  etc.  When 
used  as  contrast  agents,  appropriately  formulated  fluorocarbon  emulsions  were 
shown  to  provide  contrast  in  x-ray  tomography  and  ultrasound.  NMR  was 
used  to  evaluate  tissue  oxygenation.  Neat  fluorocarbons  were  investigated  for 
liquid  ventilation  as  a  treatment  for  respiratory  distress  syndrom.  One  fluorocarbon 
has  been  approved  as  an  oral  contrast  agent  for  delineating  the  GI  tract  by  MRI. 
Other  highly  fluorinated  materials,  including  vesicles  and  gels,  may  show  promise 
in  drug  targeting  and  delivery.  Tlie  dynamism  and  inventiveness  of  the  research 
teams  represented  in  San  Diego  encourage  us  to  anticipate  further  developments  and 
decisive  results  within  the  foreseable  future. 

According  to  many  comments,  the  Symposium  was  successful  and  has 
advanced  our  common  aims.  It  was  also  a  splendid  opportunity  to  get  together, 
exchange  ideas  and  information,  and  plan  collaborative  research.  We  must  always 
remember  that  lack  of  communication  is  the  major  impediment  to  progress  in 
science.  We  hope  that  this  volume  of  Proceedings,  each  paper  of  which  has  been 
thoroughly  refereed  and  revised,  will  also  prove  useful  to  all  those  who  are 
involved  in  the  challenge  of  developing  satisfactory  oxygen  carriers  and  related 
products.  Finally  I  wish  again  to  thank  heartily  both  the  "behind  the  scenes" 
contributors  and  the  individuals  who  traveled  from  near  and  far  to  make  this 
meeting  a  productive  and  convivial  event. 


Jean  G.  Riess 
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DIFFICULTIES  IN  DEMONSTRATING  EFFICACY  OF 
BLOOD  SUBSTITUTES 

Thomas  F.  Zuck,  M.D. 

Hox worth  Blood  Center  of  the  University  of  Cincinnati 
Cincinnati,  Ohio 

ABSTRACT 

Currently,  the  fear  of  infectious  disease  transmission  by  allogenic  blood 
transfusions  has  spurred  interest  in  developing  a  blood  substitute.  FDA  approval 
requires  that  a  sponsor  demonstrate  that  the  substitute  is  effective.  The  challenge 
in  designing  efficacy  studies  in  man  is  proving  that  the  substitute  offers  significant 
advantages  over  conventional  therapies  for  acute  blood  loss.  This  task  is 
complicated  by  the  oxygen  reserve  and  the  response  to  hemodilution  following 
treatment  of  acute  blood  loss  in  man.  Paradoxically,  the  technique  that  relies  on 
these  protective  physiologies-isovolemic  perioperative  hemodilution—may  offer  the 
best  experimental  model  to  establish  efficacy  of  a  blood  substitute  in  man. 

INTRODUCTION 

The  emergence  of  the  acquired  immunodeficiency  syndrome  (AIDS)  has 
enhanced  public  awareness  of  the  many  risks  of  allogeneic  blood  transfusions.  Both 
physicians  and  their  patients  are  aggressively  seeking  alternatives  to  transfusions 
and  practices  in  transfusion  medicine  are  changing.  Use  of  autologous  transfusions, 
in  their  several  variations,  continues  to  increase  by  patients  requiring  elective 
surgery.  However,  not  all  elective  surgery  patients  are  suitable  candidates  for  so- 
called  predeposit  autologous  transfusions.  Physicians  also  continue  to  lower  red 
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cell  "transfusion  triggers  "-those  clinical  and  laboratory  points  at  which  they 
prescribe  transfusions.  But,  an  optimal  hemoglobin  concentration  has  not  been 
established[l]  and  evidence  is  emerging  that  physicians  may  have  become  overly 
zealous  in  avoiding  red  cell  transfusions  in  the  perioperative  period.  [2,3]  Despite 
the  many  efforts  to  avoid  blood  transfusions,  the  environment  of  fear  regarding 
them  remains  and  has  invigorated  efforts  to  develop  blood  substitutes,  both  in  the 
public  and  private  sectors.  The  public  understands  very  well  that  trauma  patients 
have  no  alternatives  to  allogenic  transfusions. 

The  term  "blood  substitute"  is  a  misnomer  because  current  formulations  are 
designed  to  carry  oxygen  and  carbon  dioxide  and  perhaps  provide  oncotic  pressure. 
None  of  the  other  metabolic,  regulatory,  and  defensive  attributes  of  blood  are 
provided  by  these  products.  With  this  disclaimer  in  mind,  two  blood  substitute 
candidates  have  emerged  as  preeminent:  hemoglobin-based  formulations  and 
perfluorocarbon  emulsions.  Before  either  can  be  used  clinically  approval  as  a  drug 
or  licensure  as  a  biological  by  the  Food  and  Drug  Administration  (FDA)  is 
necessary.  In  order  for  either  to  be  issued,  a  sponsor  must  demonstrate  that  their 
formulation  is  both  safe  and  effective.  Safety  concerns  relate  principally  to  the 
toxicity  profile  of  the  proposed  formulation.  Both  of  the  current  candidates  pose 
problems  in  this  regard,  but  the  nature  of  their  problems  differ  somewhat.  Efficacy 
must  be  established  by  clinical  trials  of  the  proposed  formulation.  Two  aspects  of 
the  physiology  of  oxygen  delivery  in  man  pose  difficulties  in  designing  efficacy 
trials:  the  oxygen  reserve  and  the  response  to  acute  hemodilution.  Dose 
limitations  may  pose  additional  trial  design  problems. 

DISCUSSION 

Oxygen  reserve  in  man 

Man  normally  is  protected  by  a  significant  excess  oxygen-carrying  capacity. 
Hemoglobin  caries  1.36  cc  of  oxygen  per  gram.  At  a  hemoglobin  concentration 
of  approximately  14  grams  per  dl,  about  20  cc  of  oxygen  are  carried  per  100  ml 
of  blood.  However,  at  basal  state,  only  about  5  cc  of  oxygen  are  extracted  by  the 
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tissues.  The  difference  between  the  oxygen  extracted  and  that  carried, 
approximately  75  percent  by  volume,  is  termed  the  "oxygen  reserve. "  In  an  acute 
clinical  setting,  lowering  the  hemoglobin  concentration  from  14  to  11  grams  per  dl 
reduces  the  oxygen  reserve  by  only  30  percent.  Thus,  at  moderate  levels  of 
hemoglobin  reduction,  improvements  in  tissue  oxygenation  by  replacing  lost  blood 
with  a  blood  substitute,  in  contradistinction  to  a  volume  expander,  are  difficult  to 
measure.  The  model  widely  used  to  demonstrate  efficacy  of  blood  substitutes  in 
animals-exchange  transfusions  to  very  low  hematocrits— is  not  applicable  to  study 
these  formulations  in  man. 

Response  to  acute  hemodilution 

Although  other  claims  may  be  developed,  for  the  purpose  of  this  essay  it  is 
assumed  that  efficacy  claims  for  blood  substitutes  will  be  to  replace  lost  oxygen¬ 
carrying  capacity  due  to  acute  blood  loss.  To  substantiate  this  claim  substitute 
formulations  must  be  compared  to  standard  resuscitation  regimens  in  which  acute 
blood  loss  is  replaced  by  either  colloid  or  crystalloid  solutions.  Thus,  the  response 
to  acute  hemodilution  defines  the  design  of  efficacy  trials. 

As  noted,  at  rest  only  about  25  percent  of  the  oxygen  carried  by  hemoglobin 
is  off-loaded  to  the  tissues,  especially  skeletal  muscle.  When  oxygen  demands 
increase  as  a  result  of  exercise,  the  heart  rate  increases.  At  the  same  time,  the 
stroke  volume  of  the  heart  increases.  Both  of  these  mechanisms  increase  cardiac 
output.  The  oxygen  extraction  ratio  of  the  heart  when  the  body  is  at  rest  is  higher 
than  the  rest  of  the  body,  that  is,  the  coronary  sinus  PO2  normally  approaches  the 
critical  level.  When  the  myocardial  need  for  oxygen  increases  as  a  result  of  the 
greater  heart  work  generated  by  increasing  cardiac  output,  coronary  vessels  dilate 
to  provide  additional  blood  to  the  myocardium.  Coronary  artery  disease  may  limit 
this  response. 

Following  hemorrhage,  little  extravascular  water  is  mobilized  acutely  to 
replace  the  lost  intravascular  volume  and  some  hemoconcentration  occurs. 
Replacement  with  crystalloid  or  colloid  not  only  replaces  lost  volume,  but  the 
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resulting  hemodilution  improves  overall  cardiovascular  performance.  This  effect 
is  primarily  due  to  a  decrease  in  blood  viscosity  that  results  in  an  increased  venous 
return  to  the  heart  and  an  increased  stroke  volume.  [4]  As  long  as  normovolemia 
is  maintained,  the  pulse  will  remain  constant  until  the  hematocrit  drops  below  25 
percent.  At  hematocrits  between  45  and  30  percent,  cardiac  output  increases  almost 
linearly  as  the  hematocrit  falls.  [5]  Some  workers  have  suggested  that  an  hematocrit 
of  30  percent  is  actually  optimal  in  balancing  fluidity  with  oxygen  transport 
requirements.  [6]  At  this  hematocrit  cardiac  output  increases  up  to  50  percent. 
Perioperative  isovolemic  hemodilution  practice  is  tolerated,  in  part,  due  to  this 
physiologic  response  to  normovolemic  lowering  of  the  hemoglobin  concentration. 
However,  the  safety  and  efficacy  of  hemodilution  depend  upon  normal 
cardiovascular  function.  Thus,  the  advantages  of  hemodilution  may  not  be  gained 
in  subjects  with  compromised  coronary  circulation. [7]  Although  conflicting  animal 
data  have  been  reported,  blood  flow  is  redistributed  following  acute  hemodilution 
not  only  among  organs,  but  within  organs.  For  example,  the  fraction  of  cardiac 
output  flowing  to  the  kidney  is  reduced  following  hemodilution  and  blood  is 
redistributed  to  the  inner  cortex.  [8]  These  redistributions  not  only  improve 
tolerance  to  acute  blood  loss,  but  make  measurements  of  critical  organ  function  and 
oxygenation  difficult  to  interpret. 

Validation  of  tolerance  to  acute  blood  loss 

Numerous  studies  in  animals  and  man  have  validated  the  significant 
tolerance  to  acute  blood  loss  if  intravascular  volume  has  been  maintained. 

Animal  studies  Because  of  their  clear  relevance  to  combat  casualty  care, 
many  of  the  published  hypovolemic  shock  and  resuscitation  studies  have  been 
undertaken  by  military  research  teams.  Traverse,  et  al.  tested  several  resuscitation 
regimens  in  a  conscious  swine  model. [9,  10]  Anesthetized  swine  were 
instrumented  by  placing  bleeding  and  treatment  catheters  and  returned  to  their 
cages.  Five  days  later,  through  the  catheter  previously  placed  in  the  distal  aorta, 
the  animals  were  hemorrhaged  70  percent  of  their  estimated  blood  volume  (54 
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ml/kg)  in  13  to  17  minutes.  Hematocrits  of  9  to  12  percent  were  achieved  and,  left 
untreated,  this  regimen  was  usually  fatal.  Within  4  minutes,  several  replacement 
protocols  were  initiated,  among  them,  1:15  percent  albumin,  3:1  Ringer’s  lactate, 
fresh-frozen  human  and  porcine  plasma,  and  porcine  whole  blood.  Death  within 
the  first  24  hours  served  as  the  endpoint.  The  most  striking,  but  predictable, 
finding  was  that  fresh-frozen  plasma  was  nearly  as  effective  as  whole  blood  in 
resuscitating  the  animals.  Further,  crystalloid  and  colloid  solutions  were  nearly  as 
effective  as  fresh-frozen  plasma  in  reviving  the  animals  and  both  solutions  were 
similarly  effective.  Fresh-frozen  plasma  remained  slightly  superior. 

Stable  hemorrhagic  models  have  been  criticized  because  the  bleeding  did  not 
continue  as  it  does  in  most  trauma  until  all  vascular  lesions  have  been 
controlled.  [11]  Studies  in  which  a  controlled  aortic  tear  is  part  of  the  regimen 
have  been  claimed  to  mimic  actual  trauma  settings  more  accurately  and  high- 
volume  crystalloid  administration  use  has  been  questioned.  [12]  Lower  volumes  of 
resuscitation  solutions  have  been  found  to  be  more  effective  than  the  conventional 
volumes  used  by  Traverse,  et  al.[13]  These  workers  infused  solutions  until  a 
predetermined  mean  arterial  pressure  (MAP)  was  reached.  Survival  of  dogs  was 
greater  and  blood  loss  reduced  when  they  were  infused  to  a  lower  MAP  than  when 
they  were  infused  to  a  higher  MAP.  These  findings  further  complicate  the  design 
of  protocols  to  determine  at  what  point  and  under  what  conditions  resuscitation  with 
a  blood  substitute  would  be  superior  to  crystalloid  or  colloid  alone. 

Survival  is  a  crude  measure  of  efficacy.  Using  a  more  subtle  swine  model. 
Biro,  et  al,  showed  hemodilution  to  a  hematocrit  of  23  to  26  percent  with  an 
oxygen-carrying  perfluorocarbon  formulation  (Fluosol  DA)  was  not  superior  to  a 
dextran  solution  in  preserving  myocardial  integrity  if  the  coronary  circulation  was 
uncompromised;  however,  if  the  left  anterior  descending  coronary  artery  was 
occluded  to  33  percent  of  normal,  the  perfluorochemical  emulsion  was  superior.  [14] 

Studies  in  man  Studies  of  perioperative  or  interoperative  isovolemic 
hemodilution  provide  the  best  evidence  in  man  that  significant  acute  blood  loss  is 
tolerated  well  provided  the  patient  remains  normovolemic.  This  technique  has  been 
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used  for  many  years,  although  not  uniformally,  throughout  the  world  and  its  safety 
and  efficacy  appear  established.  [15-17]  The  extent  of  hemodilution  is  defined  by 
the  peripheral  venous  hematocrit.  Using  crystalloid,  the  maximum  improvement 
in  rheology  as  noted  has  been  reported  to  occur  at  an  hematocrit  of  30  percent, 
although  it  may  be  somewhat  higher  if  albumin  is  used  for  replacement.  [18]  This 
is  in  accord  with  the  theoretical  studies  cited  above.  Most  investigators  believe  that 
isovolemic  hemodilution  to  hematocrits  between  25  and  30  percent  also  are 
safe.  [19] 

Contrary  views  about  the  safety  of  hemodilution 

Not  all  observers  believe  that  the  tolerance  to  lowered  hemoglobin 
concentration  offers  the  margin  of  safety  frequently  claimed.  Kiel  and  coworkers 
found  that  gastric  and  intestinal  oxygenation  was  affected  adversely  following 
hemodilution. [20]  Lundsgaard-Hansen  questioned  the  margin  of  safety  on 
theoretical  grounds,  especially  in  the  presence  of  compromised  coronary 
circulation.  [21]  Critics  of  hemodilution  argue  that  any  reduction  of  oxygen 
reserves  by  lowering  the  oxygen-carrying  capacity  is  dangerous.  This  view  is 
reflected  in  Europe  by  the  higher  permissible  levels  of  hemoglobin  in  predeposit 
programs  than  in  the  United  States  (11  g  per  dl).[22] 

Viscosity  and  oncotic  pressure  as  a  problem  in  clinical  trials 

One  of  the  more  influential  clinical  trials  of  a  blood  substitute  tested  a 
perfluorocarbon  emulsion  (Fluosol-DA).[23]  Because  of  the  high  viscosity  of  the 
formulation,  the  Claimed  Exemption  for  a  New  Drug  (IND)  under  which  the  study 
was  done,  limited  infusions  of  Fluosol  to  40  ml  per  kg.  As  a  blood  substitute, 
Fluosol  was  found  to  be  "ineffective  in  severe  anemia"  in  these  trials,  even  though 
the  number  of  patients  studied  was  limited  and  their  clinical  condition  extremely 
serious.  Critics  of  these  studies  claim  efficacy  could  not  be  proven  because  the 
dose  was  inadequate. [24]  Hermoni,  et  al,  similarly  point  out  that  it  may  have  been 
the  duration  of  therapy  that  failed,  again  limited  by  dose  considerations,  rather  than 
the  modality  itself.  [25] 
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Hemoglobin  preparations  exert  oncotic  pressure,  the  magnitude  of  which 
depends  upon  the  formulation.  Although  no  preparation  of  free  tetrameric 
hemoglobin  currently  is  advocated  for  clinical  use,  a  solution  of  7  grams  per  dl 
exerts  an  oncotic  pressure  of  about  30  torr.  Crosslinked  preparations  exert  lightly 
lower  pressures,  but  polymerized  pyridoxilated  hemoglobin  still  exerts  a  colloid 
oncotic  pressure  of  about  30  torr  at  a  concentration  of  9  grams  per  dl.[26]  Thus, 
the  oncotic  pressure  effects  of  these  modified  hemoglobins  can  not  be  ignored  in 
designing  efficacy  studies. 

Prospects  for  efficacy  trials 

Although  resuscitation  of  trauma  patients  is  an  extremely  attractive 
application  of  blood  substitutes,  it  is  undertaken  in  such  complex  clinical  settings 
that  establishing  efficacy  of  one  particular  resuscitation  regimen  compared  with 
another  may  be  extremely  difficult.  Further,  obtaining  informed  consent  to  use 
experimental  drugs  in  this  setting  is  virtually  impossible  and  surrogate  consent  is 
not  permitted  in  some  states.  Paradoxically,  although  perioperative  isovolemic 
hemodilution  studies  validate  tolerance  to  reduced  hematocrits,  studies  using  this 
technique  may  hold  the  best  prospect  for  establishing  efficacy  of  blood  substitutes. 
Patient  monitoring  during  anesthesia  is  highly  sophisticated  and  subtle  differences, 
especially  in  gas  transport  and  myocardial  function,  may  be  demonstrable. 
Hemodilution  has  been  used  as  a  model  to  establish  efficacy  of  hemoglobin 
preparations  in  animals.  [27] 

Several  efficacy  end-points  can  be  envisioned  for  these  studies.  First, 
improved  cardiovascular  performance  may  be  demonstrated  in  patients  hemodiluted 
with  blood  substitutes  compared  to  those  in  which  crystalloid  was  used. 
Improvement  may  be  demonstrated  in  a  subset  of  patients,  such  as  those  with 
severe  cardiovascular  compromise,  especially  in  the  coronary  or  cerebral  vessels. 
Second,  the  need  for  return  of  the  autologous  blood  delayed  and  the  need  for 
allogenic  blood  lessened.  Hemodilution  with  a  blood  substitute  would  provide  an 
additional  margin  of  safety  were  these  events  observed.  Either  of  these  outcomes 
would  establish  efficacy  of  the  study  formulation. 
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ABSTRACT 

Clinical  testing  of  perfluorocarbons  (PFC)  as  blood 
substitutes  began  in  the  early  1980's  in  the  form  of  Fluosol 
DA-20%  (FDA),  a  mixture  of  perfluorodecalin  and 
perfluorotripropylamine  emulsified  with  Pluronic  F68.  We 
have  treated  55  patients  (Treatment  (T)  =  40;  Control  (C)  = 

15  )  with  intravenous  infusions  of  30  cc/kg  of  FDA  as  part  of 
either  a  randomized,  clinical  trial  or  a  humanitarian  protocol. 
All  patients  were  Jehovah’s  Witnesses  who  refused  blood 
transfusion  and  were  severely  anemic  (  mean  hemoglobin  = 
4.6  g/d).  FDA  successfully  increased  dissolved  or  plasma 
oxygen  content  (P102  in  ml/dl),  but  not  overall  oxygen 
content  (T  group:  P102  baseline  =  1.01+.27,  P102  12hrs  = 
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1.58±.47  [p=<.0001,  t-test];  P102  12hrs:  T  =  1.58±.47,  C  = 
1.00+.31,  p=<.0002,  t-test).  This 

effect  persisted  for  only  12  hours  post  infusion,  and  had  no 
apparent  effect  on  survival.  FDA  is  an  ineffective  blood 
substitute  because  of  low  concentration  and  short  half-life. 
Improved  emulsion  design  may  resolve  these  problems, 
thereby  producing  a  more  effective  agent.  Our  discussion 
will  include  a  review  of  our  data  plus  a  summary  of  other 
reports  of  FDA  efficacy  as  a  blood  substitute. 

INTRODUCTION 

Perfluorocarbons  (PFC)  arrived  on  the  clinical  scene  in 
the  early  1980's,  accompanied  by  much  fanfare.  The 
excitement  produced  by  the  promise  of  a  readily-available 
artificial  blood  substitute  for  the  treatment  of  the  anemic 
patient  was  fueled  in  part  by  the  recent  acknowledgement 
that  the  world's  blood  supply  was  tainted  by  the  virus 
responsible  for  AIDS.  Perfluorocarbons  were  ideal 
candidates  as  a  substitute  since  they  carried  oxygen 
efficiently  and  in  large  quantities,  were  not  biologically 
active,  and  did  not  have  the  problems  and  encumbrances 
associated  with  homologous  blood  transfusion  -  or  so  it  was 
thought.  Unfortunately,  the  perfluorocarbons,  in  the  form  of 
Fluosol-DA  20%®  (Green  Cross,  Osaka,  Japan)  did  not  live  up 
to  their  promise  as  the  "compleat"  blood  substitute  for  a 
variety  of  reasons.  In  the  following  pages,  we  will  review 
the  early  history  of  the  development  and  clinical  use  of 
perfluorocarbons  in  the  treatment  of  anemia  as  a  means  of 
better  understanding  their  role  in  the  future. 

DISCUSSION 

Perfluorocarbons  were  first  considered  as  potential 
blood  substitutes  in  the  1960's  by  Leland  Clark,  who 
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demonstrated  their  ability  to  carry  oxygen  insufficent  to 
allow  survival  of  liquid-breathing  mice.  [1]  Following  this 
dramatic  introduction  of  the  potential  of  perfluorocarbons, 
Naito  explored  varying  combinations  of  chemicals,  searching 
for  a  balance  between  oxygen  carrying  ability  and  tissue 
retention,  eventually  producing  and  testing  Fluosol-DA  20%. 
This  product,  a  combination  of  perfluorodecalin  and 
perfluorotripropylamine  emulsified  with  Pluronic  F68,  was 
first  tested  clinically  in  adult  volunteers  in  Japan  as 
described  by  Ohyanagi  and  Saitoh.  [2]  These  authors 
reported  that,  as  of  1986,  over  400  patients  had  been 
treated  in  Japan  with  Fluosol,  but  they  gave  detailed 
information  on  only  seven.  These  patients  were  all 
Jehovah’s  Witnesses  who  had  had  recent  bleeding. 

Following  an  initial  test  dose  of  0.5  ml,  they  all  received  an 
infusion  of  30  ml/kg  of  Fluosol.  PFC  and  plasma  phase 
oxygen  contents  increased  although  overall  oxygen  content 
did  not  change.  Hemodynamics  remained  stable  and  no 
adverse  reactions  were  noted. 

Clinical  trials  of  Fluosol  began  in  the  United  States  in 
1979  and  continued  into  the  mid-1980's  until  they  were 
discontinued.  Three  reports  of  this  experience  have  been 
published  along  with  a  few  reports  of  individual  cases. 
Tremper  described  the  initial  United  States  experience  in 
1982  with  13  patients.  [3]  Six  had  been  treated  as  part  of 
an  humanitarian  protocol  with  no  data  collection.  His  article 
summarized  the  results  of  the  seven  remaining  severely 
anemic  patients  (hemoglobin  range  =  1.9  to  7.5  gm/dl)  who 
had  been  entered  into  a  trial  designed  to  evaluate  the 
clinical  safety  of  Fluosol  and  to  determine  the  product’s 
effect  on  both  oxygen  transport  and  hemodynamic  variables. 
Two  of  the  seven  patients  reacted  to  an  initial  test  dose,  one 
with  vague  symptoms,  the  other  with  a  "noticeable  clinical 
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reaction."  The  authors  also  noted  transient  decreases  in 
white  blood  cell  counts  in  three  patients.  These  adverse 
effects  were  thought  to  be  due  to  complement  activation, 
and  premedication  with  steroids  was  suggested  as  a  possible 
preventive  treatment.  Arterial  oxygen  content  was 
significantly  increased  in  these  patients  by  0.8  volume 
percent  and  oxygen  consumption  also  increased.  Cardiac 
index  was  also  noted  to  decrease  from  an  elevated  mean 
level  of  5.3  ±  1.6  liters/minute/square  meter  body  surface 
area.  All  patients  were  reported  to  have  had  an  objective 
improvement. 

This  group  subsequently  reported  on  the  use  of  Fluosol 
in  six  bleeding  Jehovah's  Witness  patients.  [4]  It  is  unclear 
if  these  patients  were  included  in  the  initial  report.  None  of 
these  patients  had  adverse  reactions  to  the  test  dose,  but 
one  became  hypotensive  when  the  infusion  volume  and  rate 
were  increased.  Five  of  six  had  a  transient  decrease  in 
white  cell  count.  Moreover,  three  patients  developed 
syndromes  consisting  of  fever,  leucocytosis,  and  infiltrates 
on  chest  reontgenogram.  It  was  impossible  to  determine  if 
Fluosol  was  responsible  for  these  changes.  All  patients 
showed  a  small  increase  in  calculated  arterial  oxygen 
content  while  breathing  100%  oxygen  after  the  infusion  was 
complete.  This  was  a  significant  change  when  compared  to 
the  increase  with  oxygen  noted  before  infusion.  Five  of  the 
six  also  had  increases  in  oxygen  consumption,  but  the 
importance  of  this  change  in  terms  of  overall  oxygen 
dynamics  and  outcome  was  not  determined.  The  authors 
primarily  emphasized  both  the  nature  and  the  severity  of 
the  adverse  reactions  encountered  in  this  small  group. 

Karn  et  al  reported  their  experience  with  two  patients 
who  had  received  Fluosol  following  massive  postpartum 
hemorrhage.  [5]  Both  had  hemoglobin  concentrations  of  3 
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gm/dl  or  lower.  Arterial  P02  rose  after  Fluosol  infusion  in 
both  patients  and  both  heart  rate  and  cardiac  index 
decreased,  but  the  effect  was  transient. 

Perhaps  the  most  significant  report,  at  least  in  terms 
of  its  effect  on  the  future  of  Fluosol  as  a  blood  substitute, 
appeared  in  1986.  [6]  This  group  reported  on  their 
experience  in  using  Fluosol  in  a  small  number  of  patients 
with  hemoglobin  concentrations  below  3  gm/dl.  The  need 
for  additional  oxygen  had  been  demonstrated  by  the 
patients'  failure  to  respond  to  100%  oxygen  breathing  by  a 
change  in  oxygen  extraction  ratio.  Although  Fluosol  had  a 
measurable  effect  in  increasing  both  oxygen  delivery  and 
consumption,  the  authors  concluded  that  the  emulsion  was 
of  no  benefit  as  a  blood  substitute  in  the  anemic  patient,  in 
part  because  of  the  lack  of  any  improvement  in  patient 
survival.  Other  investigators  took  issue  with  this  conclusion, 
pointing  out  that  Fluosol  had  improved  oxygenation  and  that 
this  group  of  patients  was  probably  beyond  salvage,  even  if 
they  had  received  red  cell  transfusions.  [7,8] 

The  randomized  clinical  trial  of  Fluosol  in  the 
treatment  of  severe  anemia  was  stopped  in  the  mid-1980’s 
but  results  of  the  group  of  approximately  70  patients  was 
never  published.  Our  report  of  46  patients  involved  in  this 
study  appeared  in  1990.  [9]  We  continued  to  enroll  patients 
to  the  Fluosol  treatment  group  until  recently  and  report  the 
cumulative  results  here  of  45  patients  who  received  Fluosol 
plus  10  who  were  randomized  to  a  control  group.  All 
patients  were  Jehovah's  Witnesses  who  refused  blood 
transfusion  and  were  severely  anemic  (  mean  hemoglobin  = 
4.6  g/d)  following  acute  blood  loss.  A  total  of  30  ml/kg  of 
Fluosol  was  infused  following  a  test  dose  of  0.5  ml 
demonstrated  no  reaction.  Fluosol  successfully  increased 
dissolved  or  plasma  oxygen  content  (P102  in  ml/dl)  twelve 
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hours  after  infusion,  but  not  overall  oxygen  content  when 
compared  to  the  control  group  (P102  12hrs:  T  =  1.58±.47,  C  = 
1.00+.31,  p=<.0002,  t-test).  In  addition,  a  significant  change 
from  baseline  values  was  noted  in  the  treated  patients 
(Treatment  group:  P102  baseline  =  1.01 +.27,  P102  12hrs  = 
1.58+.47;  p=<.0001,  t-test).  None  of  the  patients  had  adverse 
reactions  to  either  the  test  dose  or  the  infusion,  but  several 
had  been  pretreated  with  corticosteroids.  Moreover,  the 
infusion  protocol  was  not  continued  in  four  other  patients 
who  had  reactions  to  the  test  dose  characterized  by  chest 
pain  and  transient  elevations  in  pulmonary  pressure. 
Fluosol's  effect  persisted  for  only  12  hours  post  infusion,  and 
had  no  apparent  effect  on  survival. 

What  conclusions  can  be  drawn  from  these  early 
studies  of  the  safety  and  efficacy  of  Fluosol-DA  20%  as  a 
blood  substitute  in  anemic  patients?  Safety  clearly  was  an 
issue  with  consistent  reports  of  reactions  to  a  0.5  ml  test 
dose  of  the  emulsion.  Although  the  reaction  could  be 
blocked  with  corticosteroids,  such  action  is  not  justifiable 
except  in  extreme  circumstances.  Subsequent  reports  have 
implicated  the  surfactant,  Poloxamer  188,  as  the  responsible 
agent.  [10]  Improvements  in  the  form  of  better  purification 
have  resulted  in  fewer  reactions  in  the  use  of  Fluosol  during 
coronary  angioplasty.  [11]  A  recent  report  of  potential 
toxicity  from  the  Fluosol  particle  surface  points  out  the  need 
for  further  investigation.  [12] 

All  of  the  above  studies  demonstrated  in  one  form  or 
another  that  Fluosol  was  capable  of  increasing  dissolved 
oxygen  content  during  100%  oxygen  breathing.  In  other 
words,  Fluosol  had  lived  up  to  its  biochemical  promise  as  an 
oxygen  carrier.  Unfortunately,  it  did  not  live  up  to  its 
expectation  as  a  total  blood  substitute  because  of  the  limited 
amount  of  oxygen  delivered  and  the  short  duration  of  effect. 
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Both  limitations  are  functions  of  the  emulsion  design  and 
concentration,  not  of  an  inherent  failure  of  perfluorocarbon. 
Fluosol-DA  20%  is  an  emulsion  that  contains  only  11% 
weight  per  unit  volume  of  active  perfluorocarbon.  This 
small  amount  of  chemical  should  not  have  been  expected  to 
provide  the  equivalent  in  oxygen  delivery  of  eight  to  ten 
grams  of  hemoglobin,  the  amount  of  blood  lost  by  the 
majority  of  patients  studied.  The  choice  of  a 
perfluorocarbon  for  clinical  use  requires  balancing  oxygen 
transport  capabilities  with  tissue  retention.  The  two  agents 
in  Fluosol,  perfluorodecalin  and  perfluorotripropylamine, 
have  markedly  different  tissue  half-lives,  with  the  latter 
perfluorocarbon  persisting  for  weeks  following  infusion  in 
the  experimental  animal.  Unfortunately,  little  is  known  at 
this  time  about  the  long  term  effects  of  perfluorocarbon 
retention,  so  dosing  regimens  must  be  restricted  to  those 
which  avoid  any  chance  of  tissue  accumulation.  This 
concern  limited  the  amount  of  Fluosol  that  was  given  to 
patients  in  the  anemia  trials  to  a  one-time  dose  of  30  cc/kg. 
As  a  result,  the  emulsion's  effect  was  short-lived. 

Although  Fluosol-DA  20%  can  be  regarded  as  a  failure 
in  its  initial  trial  as  a  blood  substitute,  perfluorocarbons 
should  not  be  dismissed  as  potential  oxygen  carriers. 
Emulsions  with  higher  perfluorocarbon  concentrations  can 
help  solve  the  problem  of  minimal  oxygen  delivery.  [13] 
These  agents  can  be  used  in  short-term  settings,  e.g.,  during 
hemodilution,  to  significant  advantage  as  temporary 
alternatives  to  homologous  blood  transfusion.  Rather  than 
abandon  perfluorocarbons  completely,  we  should  abandon 
our  ill-conceived  expectations  for  them  as  artificial  blood 
and  concentrate  on  the  development  of  appropriate 
applications  for  this  unique  family  of  chemicals. 
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ABSTRACT 

To  examine  the  effect  of  a  low  dose  of  Oxygent™  HT  on  hemodynamics  and 
oxygen  transport  variables  in  a  canine  model  of  profound  surgical  hemodilution, 
two  groups  of  adult  anesthetized  splenectomized  beagles  were  hemodiluted  with 
Ringer’s  solution  to  Hb  7  g/dL.  The  treated  group  received  1  mL/kg  Oxygent™ 
HT  (90%  w/v  perflubron  emulsion  [perfluorooctyl  bromide].  Alliance 
Pharmaceutical  Corp.)  and  both  groups  (7  controls  and  10  treated)  were  further 
hemodiluted  using  6%  hydroxyethyl  starch  until  cardiorespiratory  decompensation 
occurred.  Pulmonary  artery  catheterization  data  and  oxygen  transport  variables 
were  recorded  at  Hb  decrements  of  1  g/dL  breathing  room  air.  There  was  no 
difference  among  groups  during  initial  hemodilution.  However,  in  the  Oxygent™ 
HT  group  there  was  a  statistically  significant  improvement  in  mean  arterial 
pressure,  CVP,  cardiac  output,  PVO2,  SvOj,  DO2  and  pulmonary  venous 
admixture  shunt  during  profound  hemodilution  to  Hb  levels  of  6,  5,  and  4  g/dL. 
A  low  dose  of  Oxygent™  HT  offered  benefit  in  improving  hemodynamics  and 
oxygen  transport  parameters  even  under  air  breathing  conditions  in  a  model  of 
surgical  hemodilution.  This  effect  was  most  apparent  at  lower  levels  of  Hb. 


INTRODUCTION 

Recent  awareness  of  the  potential  for  transmission  of  infectious  diseases  by  blood 
and  many  blood  products,  has  been  an  important  impetus  for  an  increased 
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for  the  development  of  strategies  that  would  eliminate  or  limit  the  need  for 
allogeneic  blood  transfusions  [1].  The  administration  of  blood  has  been  associated 
with  transfusion  reactions  [2-4],  a  predisposition  to  infectious  complications  post 
surgery,  non-cardiogenic  pulmonary  edema  [5],  and  with  the  induction  of  a 
certain  degree  of  immunosuppression  [6]. 

Because  of  these  reasons  and  blood  supply  limitation  [7],  there  is  a  tremendous 
interest  in  finding  the  best  method  or  combination  of  methods  for  blood 
conservation  following  surgical  bleeding.  Aside  from  improvements  in  surgical 
hemostasis,  a  variety  of  other  techniques  have  been  advocated  as  reducing  the 
amount  of  allogeneic  blood.  Preoperative  autologous  predonation  [8-11], 
intraoperative  blood  salvage  techniques  [12],  acute  intentional  normovolemic 
hemodilution  [13],  pharmacologic  manipulation  of  the  coagulation  cascade  [14- 
17],  the  use  of  oxygen  carriers  [18],  and  the  control  of  unnecessary  blood  waste 
for  laboratory  tests  in  the  postoperative  period  [19],  or  any  combination  of  those 
have  been  advocated  to  reduce  the  amount  of  allogeneic  blood  or  blood  products 
post  operatively.  Hemodilution  has  proven  to  increase  blood  fluidity,  decrease 
erythrocytes  and  thrombocyte  aggregation,  reduce  plasma  viscosity,  decongest 
terminal  circulation,  and  improve  microcirculation  and  tissue  oxygenation  [20]. 
There  are  however  some  problems  with  this  technique.  Performing  hemodilution 
safely  assumes  adequate  knowledge  of  the  normal  human  response  to  acute  severe 
anemia,  as  well  as  the  safe  human  limits  to  this  response.  Some  of  the  questions 
yet  to  be  answered  are  related  to  the  cardiovascular  and  metabolic  responses  to 
severe  anemia  created  by  hemodilution.  [21,22]  It  remains  also  to  define  the 
critical,  however  safe  level  of  oxygen  transport  during  severe  hemodilution. 

Perfluorocarbons  (PFC)  are  a  group  of  inert  organic  molecules  long  known  to 
have  the  capacity  to  carry  oxygen  [23].  Fluosol-DA  20%  was  one  of  the  first 
commercially  available  biocompatible  PFC  emulsions.  In  1979,  clinical  trials 
using  Fluosol-DA  20%  as  a  large  volume  temporary  blood  substitute  in  severely 
anemic  patients  were  initiated  [24-28].  Recently,  stable  emulsions  containing 
significantly  higher  concentration  of  PFC’s  and  therefore  higher  oxygen  carrying 
capacity  than  Fluosol-DA  20%  have  been  developed  [29,30].  One  of  these  is  a 
concentrated  emulsion  based  on  perflubron  (perfluorooctylbromide;  PFOB)  being 
developed  under  the  trade  name,  Oxygent™  HT  (Alliance  Pharmaceutical  Corp., 
San  Diego,  CA).  With  perflubron  in  the  presence  of  an  egg  yolk  phospholipid 
(EYP)  emulsifier  it  is  possible  to  produce  highly  concentrated  stable  emulsions 
that  contain  up  to  1(X)%  w/v  perflubron  that  require  no  special  preparation  prior 
to  use  [31].  Oxygent™  HT  is  a  90%  w/v  perflubron  emulsion  formulation  being 
developed  for  use  as  a  temporary  oxygen  carrier  because  of  the  high  solubility  of 
oxygen  in  perflubron  (53  volumes  %  when  equilibrated  with  100%  oxygen). 

The  purpose  of  this  study  was  to  investigate  the  effects  of  perflubron  emulsion  on 
hemodynamics  and  oxygen  transport  variables  under  air-breathing  conditions  in 
a  canine  model  of  profound  surgical  hemodilution. 
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METHODS 

This  study  was  conducted  on  17  adult  conditioned  beagles,  weighing  20-25  kg. 
Dogs  were  fasted  24  hours  prior  to  the  experiment  except  for  access  to  water. 
Anesthesia  was  induced  and  maintained  with  1.4%  to  1.6%  isoflurane.  With 
endotracheal  intubation,  animals  were  ventilated  with  an  FiOa  of  21  % .  To  avoid 
sequestration  of  erythrocytes  in  the  spleen,  all  animals  underwent  surgical 
splenectomy  through  a  left  subcostal  incision.  This  allowed  maintenance  of  a 
stable  hematocrit  after  blood  exchange. 

The  left  femoral  vein  was  cannulated  for  the  administration  of  IV  fluids  and  the 
left  femoral  artery  was  cannulated  for  the  direct  measurement  of  arterial  pressure 
and  for  arterial  blood  sampling.  A  fiberoptic  pulmonary  artery  thermodilution 
catheter  (Oximetrix,  Abbott  Critical  Care  Systems,  Mountain  View,  CA)  was 
inserted  via  the  right  external  jugular  vein.  The  right  carotid  artery  was  cannulated 
with  a  large  bore  polyethylene  catheter  which  was  connected  to  a  heparinized 
Wigger’s  reservoir  for  collection  of  shed  blood.  A  left  thoracotomy  was 
performed  and  the  pericardium  was  opened.  A  catheter  was  placed  in  the 
coronary  sinus  for  blood  sampling  for  measurement  of  lactic  acid  levels  (ACA 
lactic  acid  method,  DuPont  Automatic  Clinical  Analyzer,  DuPont  Pharmaceutical, 
Wilmington,  DE).  Seventeen  animals  underwent  an  initial  isovolemic 
hemodilution  procedure  in  decrements  of  hemoglobin  (Hb)  of  1  g/dL  until  they 
reached  a  target  hematocrit  of  20%.  No  medication  was  used  to  manipulate  the 
blood  pressure.  Ringer’s  solution  was  reinfused  in  a  3:1  ratio  via  the  central 
venous  catheter  to  replace  the  blood  removed  and  to  maintain  the  pulmonary 
artery  occlusion  pressure  (PAOP)  at  baseline  values.  When  Hb  reached  7  g/dL, 
complete  pulmonary  artery  catheterization  data,  and  oxygen  transport  parameters 
were  recorded  on  room  air  (FiOj  ~  21%).  At  the  level  of  7  g/dL  of  Hb,  a  single 
set  of  measurements  were  made  for  comparison  while  breathing  100%  oxygen. 
Then  animals  were  switched  back  to  room  air  and  randomly  administered  either 
a  bolus  of  1  mL/kg  saline  (group  I,  control,  n  -7),  or  1  mL/kg  Oxygent™  HT 
(Group  II,  treatment,  n  =10).  Both  groups  were  ventilated  on  room  air  for  the 
duration  of  the  study  and  underwent  further  hemodilution  with  6%  hetastarch 
(DuPont  Pharmaceutical,  Wilmington,  DE)  at  a  ratio  of  1:1  with  the  blood 
removed.  Hemodynamic  and  oxygen  transport  measurements  were  recorded 
periodically  during  hemodilution  with  hetastarch  as  previously  described  in 
decrements  of  Hb  of  1  g/dL  until  cardiorespiratory  decompensation  occurred.  Ten 
minutes  after  each  hemodilution,  cardiorespiratory  and  oxygen  transport  variables, 
consisting  of  measurements  of  pulmonary  artery  pressure  (PAP),  central  venous 
pressure  (CVP),  pulmonary  artery  occlusion  pressure  (PAOP),  cardiac  output  (Q), 
and  oxygen  transport  variables  such  as  intrapulmonary  shunt  (Qs/Qt),  arterial- 
venous  oxygen  content  difference  [C(a-v)02],  oxygen  delivery  (DO2),  oxygen 
consumption  (VO2),  mixed  venous  oxygen  saturation  (SVO2),  oxygen  utilization 
coefficient  (OUC),  and  coronary  sinus  lactate  measurements  were  obtained. 
Cardiorespiratory  monitoring  was  performed  with  a  SpaceLabs  monitoring  system 
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(SpaceLabs  Medical,  Inc. ,  Seattle,  WA).  Total  oxygen  content  was  measured  with 
a  LEX-OrCON  instrument  (Hospex  Fiberoptics,  Chestnut  Hill,  MA).  Hemoglobin 
concentration  and  hematocrit  were  measured  with  a  STKS  Coulter  counter 
(Coulter,  Miami  FL),  and  the  arterial  and  venous  blood  gases  were  analyzed  with 
a  Coming  blood  gas  analyzer.  At  the  end  of  the  procedure,  the  animals  were 
euthanized  by  anesthetic  overdose  according  to  the  Vivarium  protocol.  During  the 
entire  protocol  animals  received  humane  care  in  compliance  with  the  "Principles 
of  Laboratory  Animal  Care"  and  the  "Guide  for  the  Care  of  Use  of  Laboratory 
Animals"  published  by  the  NIH.  (publication  No.  86-23,  1985). 

Statistical  analysis  was  performed  using  SPSS  PC  Plus  (version  3.0)  on  an  IBM 
PC  compatible  computer.  Descriptive  statistics,  t-test  and  analysis  of  variance 
were  performed  as  appropriate.  A  p-  value  less  than  0.05  was  considered 
statistically  significant.  Data  are  presented  as  mean  ±  standard  error  of  the  mean. 

RESULTS 

There  was  no  statistically  significant  difference  between  the  groups  with  regard 
to  weight,  body  surface  area  (BSA)  or  any  intraoperative  characteristics.  There 
was  no  statistically  significant  difference  between  the  groups  with  regard  to  the 
hemodynamics  and  oxygen  transport  parameters  at  Hb  levels  greater  than  15,  15, 
14,  11,  9,  and  7  g/dL  on  room  air. 

The  hemodynamic  variables  during  air-breathing  hemodilution  are  presented  in 
Table  L  There  was  a  statistically  significant  difference  in  MAP  during  the 
hemodilution  protocol  at  Hb  levels  of  6,  5,  and  4  g/dL  between  the  two  groups. 
Cardiac  output  was  statistically  significant  higher  at  Hb  levels  of  5  and  4  g/dL  in 
the  perflubron-treated  group.  Also,  a  statistically  significant  decrease  in  PVR  at 
Hb  levels  of  6,  5  and  4  g/dL,  and  a  statistically  significant  increase  in  LVSWI 
and  RVSWI  at  Hb  levels  of  6,  5,  and  4  g/dL  was  observed  in  the  perflubron- 
treated  animals. 

The  administration  of  1  mL/kg  perflubron  emulsion  at  a  Hb  level  of  7  g/dL  on 
room  air,  resulted  in  a  statistically  significant  increase  in  Sa02,  Ca02,  and  SVR. 
There  was  no  statistically  significant  difference  between  all  other  variables.  There 
was  a  non-statistically  significant  trend  to  increase  Pa02,  C(a-v)02,  SvOa,  total  O2 
content,  CVO2,  and  OUC.  When  control  animals  were  switched  to  100%  oxygen, 
there  was  a  statistically  significant  decrease  in  CVP  (4. 6+0.8  vs.  2.5 +0.5 
cmHjO),  Q  (3.7+0.4  vs  2. 1+0.4  L/min),  DO2  (334+38  vs  223+35  mL/min), 
LVSWI  (38+6  vs  19+5  gm/m')  and  RVSWI  (39+6  vs  21+6  gm/m"')  and  a 
significant  increase  in  PaOj  (79+9  vs  499+93  mm  Hg),  PvOj  (40+3  vs  53+3 
mm  Hg),  total  arterial  O2  content  (9  +  1  vs  12+2  mL/dL),  Sa02  (94+1  vs 
99  +  1%),  Ca02  (9+0.1  vs  11  ±0.2  mL/dL). 
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Hemoglobin  (g/dL) 

Variable  _ _ 


7 

6 

5 

4 

MAP  (mm  Hg) 
Control 
Treatment 

48+5 

57+2 

44+7 

76+5* 

37+2 

61+3* 

42+2 

52+2* 

CVP  (cm  H2O) 
Control 
Treatment 

4, 6+0. 8 
5.3+0.9 

8  +  1 
4+0.6* 

7+0.6 

4+0.5* 

7+0.8 

4+0.3* 

Q  (L/min) 

Control 

Treatment 

3.7+0.4 

3.2+0.3 

3.1+1.0 

3.3+0.1 

3.2+0.5 

3.5+0.3* 

3.4+0.3 

4.1+0.1* 

SVR  (dyne  sec/ 
cm'm") 
Control 
Treatment 

1037+137 
1366  +  113* 

1310+456 

1744+98 

782+93 

1362  +  127* 

824+64 

935+50 

PVR  (dyne  sec/ 
cm^m^) 


Control 

Treatment 

143  +  15 

142  +  15 

134+40 

65  +  10* 

181+21 

124+13* 

179+22 
83  +  11* 

LVSWI  (gm/m') 
Control 
Treatment 

38+6 

34+3 

30+13 

42+5* 

24+4 

45+5* 

26+4 

35+3* 

RVSWI  (gm/m") 
Control 
Treatment 

39+6 

37+4 

29  +  13 
47+8* 

24+4 

51+6* 

27+4 

41+3* 

Data  presented  as  mean  ±  SEM.  ^represents  statistical  significance  {p< 


treatment  group  vs.  control. 
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Table  II.  Arterial  Oxygen  Transport  Parameters  During  Hemodilution 


Hemoglobin  (g/dL) 

Variable  _ 


7 

6 

5 

4 

PaOz  (mm  Hg) 
Control 
Treatment 

79+9 

83+4 

61+0.7 

71+6.3* 

77  +  10 

93  +  10* 

65  +  11 
77+5* 

PaC02  (mm  Hg) 
Control 
Treatment 

29+3 

28+2 

30+5 

24+5 

30+2 

27+4 

32+3 

27+3 

C(a-v)02 

(mL/dL) 

Control 

2.3+0.3 

2.4+0.1 

2.1 +0.4 
2.0+0.2 

2.6+0.2 

L4+0.1* 

2.1+0.2 
1. 4+0.6^ 

Treatment 


SaOj  (%) 


Control 

94+1 

95+3 

95+2 

92+2 

Treatment 

97+0.4* 

99  +  1 

94+2 

95  +  1 

CaO^  (mL/dL) 

Control 

9.0+0.1 

7.7+0.2 

6.6+0. 1 

5.2+0.1 

Treatment 

9.3+0.4* 

8.2+0.1 

6.6+0.1 

3.9+0.3 

Total  O2  Content 
(mL/dL) 

Control  9.0+1.0  5.7+0.3  6.5+0.6  5. 3+0.5 

Treatment  9. 6+0. 3  10.1+0.9*  7. 6+0. 5  6. 1+0.3 

Data  presented  as  mean+SEM.  *represents  statistical  significance 
treatment  group  vs.  control. 


The  elements  of  arterial  oxygen  transport  profiles  during  hemodilution  are 
presented  in  Table  II.  Perflubron  treated-animals,  despite  breathing  room  air, 
presented  with  a  statistically  significant  increase  in  PaOj  at  Hb  levels  of  6,  5,  and 
4  g/dL,  a  statistically  significant  increase  in  C(a-v)02  at  Hb  levels  of  5,  and  4 
g/dL  and  a  statistically  significant  increase  in  total  oxygen  content  at  Hb  level  of 
6  g/dL. 

Table  III  shows  elements  of  the  mixed  venous  oxygenation.  Perflubron-treated 
animals  presented  with  a  statistically  increased  SvOz  at  Hb  levels  of  6,  5,  and  4 
g/dL  and  a  statistically  significant  increased  CvOz  at  Hb  levels  of  5,  and  4  g/dL. 
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Table  III.  Mixed  Venous  Oxygen  Transport  Parameters  During  Hemodilution 


Hemoglobin  (g/dL) 

Variable  _ _ 

_ 7 _ 6 _ 5 _ 4 

PVO2  (mm  Hg) 


Control 

40+3 

44+9 

40±5 

30+2 

Treatment 

40+2 

52  +  10 

44+2 

38+2* 

PVCO2  (mm  Hg) 
Control 

34+2 

39±4 

36+3 

36±4 

Treatment 

33+3 

29  +  8 

29+3 

36±5 

SVO2  (%) 

Control 

70+3 

59±5 

57+2 

54  ±32 

Treatment 

72+2 

74+2* 

76±2*  ■ 

70±0.5 

CVO2  (mL/dL) 
Control 

6.7+0.3 

5.6+0.4 

3.9+0.1 

3.0+0.2 

Treatment 

7.3+0.3 

6.2±0.2 

5.2+0.1* 

3.9±0.3 

Data  presented  as  mean+SEM.  ^represents  statistical  significance  {p< 
treatment  group  vs.  control. 


Other  oxygen  transport  parameters  are  shown  in  Table  IV.  There  was  a 
statistically  significant  decrease  in  Qs/Qt  at  Hb  levels  of  6  g/dL.  Also,  OUC 
decreased  significantly  at  Hb  levels  of  5  and  4  g/dL  and  DO2  showed  a  non- 
statistically  significant  trend  toward  being  increased  at  Hb  levels  of  6,  and  5  g/dL. 
However,  the  differences  reached  statistical  significance  only  at  a  Hb  level  of  4 
g/dL. 

There  was  no  statistically  significant  difference  between  the  groups  with  regard 
to  any  variables  at  a  Hb  level  of  3  g/dL.  The  administration  of  1.0  mL/kg  dose 
of  Oxygent™  HT  (90%  w/v  perflubron  solution)  was  safe.  There  was  no 
detectable  incidence  of  side  effects  related  to  the  administration  of  this  dose  of 
perflubron  emulsion  in  acutely  hemodiluted  dogs. 

DISCUSSION 

Acute  normovolemic  hemodilution  is  a  simple  strategy  to  intentionally  remove  red 
blood  cells  Ifom  the  patient’s  circulation,  while  maintaining  normovolemia  by 
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Table  IV.  Other  Oxygen  Transport  Parameters  During  Hemodilution 


Variable 

Hemoglobin  (g/dL) 

7 

6 

5 

4 

DO2 

(mL/min) 

Control 

Treatment 

334+38 

302+26 

237+72 

270+12 

210+29 

234+22 

173  +  13 

212  +  11* 

VO2 

(mL/min) 

Control 

Treatment 

92  +  16 
77+5.9 

63  +  12 
66+9 

80+11 

50+8* 

72+9 

60+5 

OUC (%) 
Control 
Treatment 

0.24+0.04 

0.26+0.02 

0.27+0.08 

0.26+0.03 

0.40+0.02 

0.21+0.03* 

0.43+0.03 

0.29+0.01* 

Qs/Qt  {%) 
Control 
Treatment 

25+5 

13  +  1 

26+13 

11  +  1* 

15+5 

25+6 

22+5 

22+4 

Lactate 

(mmol/L) 

Control 

Treatment 

3.2  +  Ll 
3.6+0.5 

7.0±3.3 

7.1 +2.6 

4.4+1. 8 

3. 1+0.6 

4.1+2.1 

6.9  +  L2 

Data  presented  as  mean+SEM.  ^represents  statistical  significance  (/7<0.05) 
treatment  group  vs.  control. 


simultaneous  replacement  of  the  depleted  intravascular  volume  with  crystalloid  or 
colloid  solution.  The  removed  autologous  blood  can  be  reinfiised  later  according 
to  the  patient’s  needs.  Acute  normovolemic  hemodilution  is  being  used  more 
frequently  in  different  clinical  settings  in  order  to  avoid  the  need  for  allogeneic 
blood  transfusion.  Although  hemodilution  is  a  procedure  well  tolerated  by  the 
majority  of  patients,  the  progressive  changes  in  hemodynamics  and  oxygen 
transport  parameters  during  normovolemic  hemodilution  have  been  only  partially 
models  of  sepsis  and  intestinal  ischemia  [32],  In  addition,  the  merits  of 
resuscitation  with  Ringer’s  lactate  remain  questionable  depending  on  the  severity 
of  the  hemorrhagic  shock  model  [33-35].  These  solutions  do  not  carry  oxygen  and 
therefore  can  only  improve  oxygen  delivery  through  their  hemodynamic  effect  as 
plasma  expanders. 
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The  advent  of  the  development  of  improved  second  generation  high  concentration 
and  stable  perfluorocarbon  emulsions,  (Oxygent™  HT,  Alliance  Pharmaceutical, 
San  Diego,  CA)  has  increased  the  chance  of  using  the  perfluorocarbon  emulsion 
approach  to  enhance  total  oxygen  transport.  This  new  generation  perflubron-based 
emulsion  contains  up  to  five  times  more  perfluorocarbon  (up  to  100%  by  weight 
or  52%  by  volume)  than  Fluosol-DA  20%.  It  also  contains  an  EYP  surfactant 
which  is  better  tolerated  than  the  synthetic  surfactant  (Pluronic)  used  in  Fluosol- 
DA  which  has  been  at  least  partially  related  to  life-threatening  side  effects  due  to 
activation  of  the  complement  pathway  [7].  Being  ready  to  use  at  room 
temperature,  Oxygent™  HT  has  the  potential  to  be  used  as  an  oxygen  carrier  in 
a  series  of  clinical  situations  such  as  severe  hemorrhagic  shock,  or  as  an  adjuvant 
to  enhance  the  oxygen  transport  mechanism  in  ischemia-related  injuries.  One  such 
situation  may  result  during  normovolemic  hemodilution  which  has  been 
characterized  by  some  investigators  [36]  to  decrease  the  capacity  of  arterial  blood 
to  carry  oxygen,  especially  in  the  areas  at  risk  due  to  compromised  cardiovascular 
reserves  such  as  coronary  artery  atherosclerosis.  Our  study  was  designed  to 
evaluate  the  ability  of  perflubron  emulsion  to  improve  oxygen  transport 
mechanisms  in  a  dog  model  of  extreme  isovolemic  hemodilution. 

Our  data  demonstrated  that  the  infusion  of  a  single,  1 .0  mL/kg  dose  of  Oxygent™ 
HT  to  a  hemodiluted  dog  breathing  room  air  increased  the  ischemic  tolerance,  by 
improving  almost  all  hemodynamic  and  oxygen  transport  parameters  during 
subsequent  additional  hemodilution.  This  effect  was  sustained  at  Hb  levels  much 
lower  than  the  actual  accepted  standard  clinical  level  of  anemia  which  is 
considered  safe  by  many  investigators  [37].  Our  data  demonstrated  that  it  is 
possible  to  actually  increase  the  physiologic  limits  of  hemodilution  using 
Oxygent™  HT  without  diminishing  the  cardiorespiratory  reserve,  thus  maintaining 
normal  range  hemodynamics  and  oxygen  supply  to  the  tissues. 

The  effects  of  perflubron  emulsion  during  hemodilution  are  ascribed  at  least  in 
part  to  the  high  propensity  of  the  drug  to  carry  and  dissolve  oxygen  and  carbon 
dioxide,  its  small  emulsion  particle  size,  biological  inertness,  and  homogenization 
with  blood  and  its  components  which  may  improve  blood  microrheology.  This  in 
turn  may  help  redistribution  of  oxygen  supply  in  tissue  areas  at  need.  The 
administration  of  Oxygent™  HT  has  been  proven  safe  in  this  animal  model  of 
extreme  isovolemic  hemodilution.  There  have  been  no  signs  of  hemodynamic 
collapse  such  as  those  observed  after  the  administration  of  Fluosol-DA  20%  in 
administration  of  Oxygent™  HT  has  been  proven  safe  in  this  animal  model  of 
extreme  isovolemic  hemodilution.  There  have  been  no  signs  of  hemodynamic 
collapse  such  as  those  observed  after  the  administration  of  Fluosol-DA  20%  in 
experimental  canine  models  [38].  Under  100%  oxygen  breathing  condition, 
significant  improvement  of  the  oxygen  transport  variables,  following 
administration  of  3  mL/kg  of  Oxygent™  HT,  has  recently  been  demonstrated  in 
a  dog  model  of  profound  hemodilution  [39] . 

In  conclusion,  our  results  demonstrated  that  perflubron-treated  animals  presented 
with  statistically  significant  improvement  in  hemodynamics  and  oxygen  transport 
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parameters  even  under  air-breathing  conditions.  The  effect  was  very  apparent  at 
Hb  6,  5,  and  4  g/dL.  From  the  significant  improvement  seen  in  oxygen  transport 
variables  when  dogs  were  switched  to  100%  oxygen  (at  Hb  level  of  7  g/dL),  it 
is  clear  that  the  optimal  efficacy  of  low-dose  perfluorocarbons  emulsion  will  be 
obtained  when  breathing  100%  oxygen  (e.g.,  during  the  active  bleeding  phase  of 
a  surgical  procedure  where  Oxygent™  HT  has  been  administered  as  a  temporary 
oxygen  carrier  to  avoid  or  delay  the  need  for  allogeneic  blood  transfusion).  It 
should  be  determined  if  initial  treatment  with  perflubron  may  have  a  protective 
effect  even  at  higher  level  of  Hb.  It  is  yet  to  be  determined  if  this  promising 
approach  to  enhance  oxygen  transport  parameters  would  translate  to  improved 
long-term  survival. 
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ABSTRACT 

The  development  of  novel  perfluorocarbon  emulsions  that  contain  higher 
concentrations  of  perfluorochemicals  than  previous  emulsions  has  renewed  interest  in  the  use 
of  this  class  of  erythrocyte  substitute  in  cardiopulmonary  bypass  (CPB).  Perfluorocarbons  have 
the  potential  to  increase  the  oxygen  content  of  the  perfusate  and  thus  increase  the  capacity  of 
the  heart-lung  machine  to  deliver  oxygen  to  the  body  during  CPB. 

Increasing  the  capacity  of  the  heart-lung  machine  to  deliver  oxygen  to  the  body  has 
important  implications  for  the  conduct  of  cardiac  operations.  For  example,  adding 
perfluorocarbons  to  the  pump  prime  solution  may  allow  larger  volumes  of  blood  to  be 
withdrawn  from  the  patient  immediately  prior  to  bypass  for  transfusion  after  bypass.  Lowering 
the  acceptable  hematocrit  during  CPB  with  the  use  of  perfluorocarbons  may  also  decrease  the 
need  for  homologous  transfusions  of  erythrocytes  in  neonates  or  anemic  adults  who  undergo 
CPB. 


INTRODUCTION 

Perfluorocarbons  have  many  intriguing  properties  with  potential  usefulness  in  medicine. 
The  aspects  of  perfluorocarbons  that  are  particularly  interesting  to  cardiac  surgeons  are  their 
ability  to  dissolve  large  amounts  of  oxygen  relative  to  water  and  their  linear  oxygen  dissociation 
curve.  Current  generation  perfluorocarbon  emulsions  contain  a  higher  concentration  of 
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perfluorocarbon  than  previous  formulations,  which  has  stimulated  renewed  interest  in  their  use 
as  an  erythrocyte  substitute  in  cardiac  surgery. 

The  majority  of  cardiac  operations  use  cardiopulmonary  bypass  (CPB).  In  current 
practice,  CPB  routinely  results  in  dilution  of  the  patient’s  blood  with  the  pump  priming  solution. 
The  lowest  acceptable  hematocrit  under  the  conditions  of  CPB  has  not  yet  been  clearly  defined 
[1-4],  however  surgeons  generally  maintain  the  hematocrit  during  cardiopulmonary  bypass  above 
15-18%.  Perfluorocarbon  emulsions  have  the  potential  to  raise  the  amount  of  oxygen  carried 
in  the  perfusate  during  CPB.  This  may  represent  an  important  advantage  for  the  conduct  of 
cardiac  operations. 

This  article  will  briefly  describe  the  properties  of  perfluorocarbon  emulsions  that  are 
of  special  interest  to  cardiac  surgeons,  then  discuss  potential  uses  for  perfluorocarbon  emulsions 
during  CPB.  Last,  pilot  studies  will  be  described  that  compare  the  ability  of  various  oxygenators, 
to  load  perfluorocarbon  emulsions  with  oxygen. 

ADVANTAGES  OF  PERFLUOROCARBON  EMULSIONS  USED  DURING 
CARDIOPULMONARY  BYPASS 

CPB  routinely  employs  hemodilution,  therefore  any  substance  that  can  increase  the 
oxygen  carrying  capacity  of  the  perfusate  during  CPB  has  potential  usefulness.  Perfluorocarbon 
emulsions  have  several  properties  that  are  important  in  this  regard. 

Current  perfluorocarbon  emulsions  contain  up  to  100%  perfluorochemical  on  a 
weight/volume  basis  (roughly  50%  perfluorochemical  on  a  volume/volume  basis).  Thus  they 
are  able  to  carry  substantially  more  dissolved  oxygen  than  previous  emulsions  [5-7].  Moreover, 
the  volume  of  oxygen  dissolved  in  perfluorocarbon  at  a  given  POj  increases  as  the  ambient 
temperature  decreases  but  is  independent  of  changes  in  pH.  These  are  useful  properties  since 
cardiac  operations  frequently  employ  hypothermia  during  the  period  of  CPB  (body  temperature 
ranging  from  28'  to  32'  C  in  typical  cases)  and  the  pH  may  become  alkalotic  during 
hypothermic  CPB. 

The  linear  dissociation  curve  for  oxygen  dissolved  in  perfluorocarbon  and  the  higher 
concentration  of  perfluorocarbon  in  current  emulsions  result  in  substantial  amounts  of  dissolved 
oxygen  if  the  emulsion  is  loaded  at  a  high  partial  pressure  of  oxygen.  Current  oxygenator 
designs  can  reliably  produce  a  POj  ranging  from  400-600  Torr,  which  satisfies  the  condition  for 
a  high  loading  POj. 

The  ideal  erythrocyte  substitute  should  be  biologically  inert  beyond  its  capacity  to  carry 
oxygen.  Surfactants  used  in  previous  formulations  (including  Pluronic  F-68)  have  been  shown 
to  activate  complement  and  occasionally  cause  anaphylactoid  reactions  [8-9].  This  may  be  a 
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particularly  adverse  effect  since  complement  activation  and  stimulation  of  a  generalized 
inflammatory  response  is  recognized  as  one  of  the  routine  sequelae  of  CPB  [10].  Moreover, 
emulsion  particles  are  taken  up  by  the  reticuloendothelial  system.  CPB  also  places  demands  on 
the  reticuloendothelial  system  since  fat  emboli,  damaged  erythrocytes,  and  other  particulate 
matter  resulting  from  CPB  must  be  cleared  from  the  blood.  The  consequences  of  this  additional 
load  imposed  on  the  reticuloendothelial  system  and  any  adverse  effects  on  the  liver  or  spleen 
have  not  yet  been  defined. 

An  especially  intriguing  aspect  of  perfluorocarbon  emulsions  is  the  effect  that  they  may 
have  on  oxyhemoglobin  dissociation.  Plasma  represents  an  important  barrier  to  the  diffusion 
of  oxygen  from  erythrocytes  to  tissues  [11-13].  It  is  possible  that  a  substance  with  the  ability  to 
dissolve  large  quantities  of  oxygen  relative  to  water  can  facilitate  the  diffusion  of  oxygen  from 
erythrocytes.  Initial  studies  suggest  that  perfluorocarbons  in  the  plasma  increase  the  rate  of 
oxygen  delivery  from  erythrocytes  [14],  however  additional  work  is  necessary  to  confirm  and 
quantify  this  effect. 

CARDIOPULMONARY  BYPASS  AND  PERFLUOROCARBON  FMULSIONS 
1)  Hemodilution  and  Cardiopulmonary  Bypass 

As  mentioned  previously,  hemodilution  is  used  routinely  during  CPB.  However,  this 
was  not  always  the  case.  Early  in  the  development  of  CPB  the  pump-oxygenator  was  primed 
with  fresh  heparinized  blood.  As  one  would  expect,  problems  arose  with  transfusion  related 
reactions  and  diseases  transmitted  via  donor  blood.  In  addition  to  these  effects,  a  fatal 
syndrome  of  splanchnic  congestion,  metabolic  acidosis,  and  multiorgan  failure  was  noted  in 
patients  following  CPB  when  whole  blood  was  used  to  prime  the  pump- oxygenator  [15].  These 
problems  provided  a  strong  incentive  to  explore  the  use  of  non-hemic  priming  solutions.  In 
1959,  Panico  and  Neptune  presented  a  series  of  8  patients  who  underwent  CPB  with  a  non- 
hemic  (i.e.  normal  saline)  pump  prime  [16].  Similar  successful  results  with  non-hemic  primes 
were  reported  by  others,  and  hemodilution  during  CPB  became  standard  practice. 

Studies  performed  in  the  early  era  of  CPB  demonstrated  that  hemodilution  ameliorated 
post-CPB  pulmonary  dysfunction  and  allowed  autotransfusion  with  consequent  improved  post- 
CPB  hemostasis.  Moreover,  whole  body  oxygen  consumption  during  hypothermic  CPB  was 
similar  with  hemic  or  crystalloid  primes,  although  hemodilution  resulted  in  lower  whole  body 
oxygen  consumption  during  normothermic  CPB  [17].  The  lower  limits  of  hemodilution  were 
tested  somewhat  empirically  in  selected  patients  (e.g.  Jehovah’s  Witnesses)  and  successful 
surgeries  at  hematocrits  <20%  during  CPB  were  reported.  Subsequently,  studies  by  several 
groups  confirmed  the  safety  of  routine  hemodilution  and  autotransfusion  in  large  numbers  of 
patients. 
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Other  laboratory  and  clinical  studies  added  information  regarding  hemodilution  during 
CPB.  Moore  et  ^  determined  that  hypothermia,  heparin,  and  hemodilution  during  CPB 
decreased  the  generation  of  activated  complement  fractions  C3a  and  C5a,  and  attenuated 
consequent  neutrophil  activation  [18].  The  optimal  perfusate  oncotic  pressure  during 
hemodiluted  CPB  was  defined  by  Schupbach  using  a  rabbit  model  [19]  however  the  importance 
of  colloid  supplements  to  increase  oncotic  pressure  with  routine  hemodilution  during  CPB 
remains  controversial. 

A  1981  study  by  Utley  and  associates  [20]  showed  that  hemodilution  (hematocrit  =  25%) 
during  hypothermic  (temperature  =  25  "C)  CPB  improves  regional  blood  flow  and  oxygen 
delivery,  although  there  was  an  associated  increase  in  edema  of  the  heart  and  intestinal  tract. 
A  study  by  Niinikoski  and  associates  [21]  documented  that  patients  with  intra-operative 
hematocrits  of  <  20%  survive  cardiac  operations  with  no  discernable  increase  in  the  incidence 
of  peri-operative  myocardial  infarction,  However,  Buckberg  showed  the  detrimental  effect  that 
profound  hemodilution  (hemoglobin  <  5  gm/dl)  has  on  subendocardial  blood  flow  and  cardiac 
function  in  the  normal  canine  heart  [22].  In  this  paper,  he  speculated  that  hearts  with 
ventricular  hypertrophy  or  coronary  artery  disease  would  probably  not  tolerate  such  low 
hemoglobin  levels.  Independent  studies  by  Wechsler  and  Mendler  confirmed  that  collateral 
dependent  flow  to  endocardial  tissue  is  compromised  during  hemodilution  [23,24],  and  that  this 
condition  can  result  in  regional  contractile  dysfunction.  Moreover,  the  dilatory  capacity  of 
normal  coronary  arteries  is  limited  during  hemodilution  [25].  These  data  suggest  that 
hemodilution  in  the  non-working  heart  on  CPB  has  a  greater  margin  of  safety  than 
hemodilution  without  CPB,  particularly  in  diseased  hearts.  However,  there  is  a  lower  limit 
below  which  myocardial  (and  presumably  other  organ)  hypoxic  injury  will  occur. 

The  information  currently  available  regarding  the  optimal  Oj  carrying  capacity  of  blood 
during  CPB  is  limited  [1-4].  The  challenge  of  studying  hemodilution  during  CPB  is  formidable 
because  of  complexity  imposed  by  the  variety  of  flow  rates  and  perfusion  temperatures  used 
during  CPB.  However  initial  studies  are  underway  in  this  laboratory  to  develop  methods  for 
comparing  hemodiluted  CPB  perfusates  with  or  without  added  perfluorocarbon  emulsions  using 
total  body  oxygen  consumption  and  cardiac  oxygen  consumption  as  outcome  variables. 

2)  O^Qfgenator  Design  and  Perfluorocarbon  Emulsions 

The  first  step  in  defining  the  optimal  use  of  perfluorocarbons  in  cardiac  surgery  is  to 
quantify  the  ability  of  various  oxygenators  to  load  perfluorocarbons  with  oxygen.  Although  there 
are  many  manufacturers  of  oxygenators,  there  are  only  three  types  of  oxygenators  currently  in 
clinical  use:  bubble  oxygenators,  hollow  fiber  oxygenators,  and  membrane  oxygenators. 

Bubble  oxygenators  mix  venous  blood  directly  with  oxygen  dispersed  as  small  bubbles. 
The  air-oxygen  interface  provides  adequate  gas  exchange,  but  also  stimulates  the  inflammatory 
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response  typically  seen  in  association  with  CPB.  Moreover,  microembolization  of  air  and  direct 
trauma  to  formed  blood  elements  increase  as  the  blood-oxygen  flow  rate  increases.  Platelet 
activation  and  aggregation  that  results  in  post-CPB  thrombocytopenia  and  platelet  dysfunction 
tends  to  be  more  severe  in  oxygenators  with  direct  air-blood  interfaces,  although  this  difference 
between  bubble  and  true  membrane  oxygenators  has  been  subtle  in  clinical  trials. 

Hollow  fiber  oxygenators  use  small  tubes  of  microporous  plastic  for  a  gas  exchange 
surface.  Although  they  are  often  referred  to  as  membrane  type  oxygenators,  they  in  fact  have 
direct  gas-blood  contact  at  the  micropores.  The  initial  versions  of  these  oxygenators  passed 
blood  through  the  interior  of  the  plastic  tubes  while  passing  the  sweep  gas  around  the  outside. 
More  recent  versions  of  this  oxygenator  have  reversed  the  position  of  the  gas  and  blood  phases. 
This  decreases  hemic  trauma  associated  with  forcing  the  blood  through  the  small  fibers. 

True  membrane  oxygenators  provide  gas  exchange  across  a  non-porous  material  that 
is  permeable  to  oxygen  and  carbon  dioxide.  The  membrane  is  usually  silastic  that  is  set  in  a 
parallel  array  of  sheets  or  configured  as  a  "jelly  roll".  These  oxygenators  avoid  gas-blood 
interfaces.  This  feature  makes  them  useful  for  prolonged  periods  of  extracorporeal  oxygenation 
(i.e.  ECMO),  although  the  shorter  term  benefits  are  more  difficult  to  discern. 

All  current  oxygenators  are  disposable  items  that  are  primarily  constructed  from 
plastics  and  may  use  silicone  defoaming  agents.  One  issue  that  needs  to  be  addressed  in  the 
future  is  the  interaction  of  these  materials  with  the  components  of  perfluorocarbon  emulsions. 
These  interactions  may  be  an  important  consideration  if  perfluorocarbons  are  released  from 
emulsion  by  roller  or  vortex  pumps,  since  the  non-emulsified  perfluorocarbons  could  then 
interact  directly  with  plastic  components  or  silicone-  based  defoaming  agents. 

Oxygenators  also  incorporate  a  venous  reservoir  that  holds  blood  siphoned  from  the 
patient  until  it  passes  through  the  oxygenator.  Perfluorocarbon  emulsions  have  a  higher  specific 
gravity  than  blood.  It  is  theoretically  possible  for  the  emulsion  to  settle  out  of  suspension  if  the 
blood  dwells  in  the  reservoir  for  too  long,  however  separation  of  blood-perfluorocarbon 
mbctures  has  not  been  noted  in  our  initial  experiments. 

PRELIMINARY  W  VITRO  OXYGENATOR  STUDIES 

Preliminary  studies  have  been  performed  in  this  lab  to  characterize  the  ability  of 
various  oxygenators  to  load  perfluorocarbon  emulsions  with  oxygen.  These  studies  were 
performed  in  collaboration  with  scientists  at  Alliance  Pharmaceutical  Corporation  (San  Diego, 
CA  92121)  using  a  100%  weight/volume  emulsion  of  perfluorooctylbromide. 

Methods  and  Materials 

Three  types  of  oxygenators  were  used:  a  bubble  oxygenator  (Baxter  Healthcare  Corp.; 
Irvine,  CA  92714);  a  hollow  fiber  oxygenator  (Baxter  Healthcare  Corp.;  Irvine,  CA  92714);  and 
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TABLE  I:  UAB  Pump-Oj^genator  Priming  Solution 


Normosol’  1000  ml 

D5W  500  ml 

NaHC03  (1  mEq/ml)  15  ml 

Heparin  (1,000  U/ml)  6  ml 


'Normosol  is  a  balanced  salt  solution  buffered  to  pH  =  7.4  (Abbott  Laboratories,  Inc.; 
North  Chicago,  IL  60064) 

Arterial  0^  Content 

Hollow  Fiber  Oxygenator 

6  r 


■O  5 
Li_ 


Fiow  (L/min) 


FIGURE  1:  The  arterial  oxygen  content  (ml  02/dl  fluid)  for  a  hollow  fiber  oxygenator  circulating 
a  mixture  of  crystalloid  pump  prime  and  Oxygent™  is  displayed.  There  is  a  trend  towards  higher 
oxygen  concentration  at  lower  perfusion  temperatures. 
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FIGURE  2:  Oxygen  transfer  rate  is  shown  for  a  hollow  fiber  oxygenator  across  a  range  of 
perfusate  flow  rates.  The  perfusate  temperature  was  4'^C.  The  oxygen  transfer  rate  at  a  flow  of  1  or 
2  L/min.  is  higher  for  the  hollow  fiber  device  than  for  the  other  oxygenators  tested. 


a  membrane  oxygenator  (SCIMED  Life  Systems,  Inc.;  Minneapolis,  MN  55441).  Each  test 
oxygenator  was  run  in  series  with  a  bubble  oxygenator  that  was  gassed  with  100%  nitrogen  to 
provide  de-oxygenated  fluid.  The  pump  priming  fluid  was  our  standard  crystalloid  priming 
solution  (Table  I).  In  the  perfluorocarbon  trials,  250  ml  of  perfluorocarbon  emulsion 
(Oxygent™  lot  #ZY12093)  was  substituted  for  250  ml  of  the  priming  solution.  Pump  rates  of 
0.5,  1.0,  2.0,  and  3.0  l/min  were  tested  at  40*,  30*,  20*,  and  4*  C.  Oj  content  was  measured 
(Lex-02-Con  fuel  cell;  Hospex  Fiberoptics,  Inc.;  Chestnut  Hill,  MA  02167)  and  blood  gas 
determinations  were  made  (BGE  1400  Analyzer;  Instrumentation  Laboratories;  Norcross,  GA 
30091).  A  calibrated  roller  pump  provided  the  requisite  flow  rates  and  a  screw  clamp  was  used 
to  balance  flow  between  the  O2  and  Nj  devices.  The  temperature  of  the  fluid  in  the  circuit  was 
measured  with  probes  in  the  oxygenators,  and  the  circulating  fluid  was  allowed  to  stabilize  for 
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FIGURE  3:  The  oxygen  transfer  rate  for  a  membrane  oxygenator  is  displayed.  The  perfusate 
temperature  was  4°C. 


10  minutes  after  attaining  each  temperature-flow  combination.  Gas  flow  rates  in  the  oxygenators 
were  maintained  at  twice  the  fluid  flow  rate. 

Results 

Selected  results  from  this  study  are  shown  in  figures  1-4.  The  small  number  of 
oxygenators  used  in  this  pilot  study  (4  bubble,  1  membrane,  and  2  hollow-fiber  oxygenators) 
precluded  meaningful  statistical  analysis,  however  there  was  a  tendency  for  greater  Oj  content 
in  the  perfluorocarbon  prime  at  lower  temperatures  in  all  oxygenators  (figure  1).  Transfer  of 
O2  was  highest  using  the  hollow-fiber  oxygenator  (e.g.  66  ml  02/min  at  2  L/min  flow  and  4' 
C)(figure  2)  as  compared  to  the  membrane  device  (30  ml  Ojmm.  at  2  L/min  flow  and  4‘ 
C)(figure  3)  or  the  bubble  oxygenator  (37  ml  Oj/min  at  2  L/min  flow  and  4*  C)(figure  4). 
Inferences 

Additional  data  are  being  generated  to  allow  statistical  comparisons  between 
oxygenator  groups.  However,  the  preliminary  inference  based  on  these  data  is  that  hollow  fiber 
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FIGURE  4:  The  oxygen  transfer  rale  lor  a  bubble  oxygenator  at  a  perfusion  temperature  of  4'^C  is 
shown. 


oxygenators  will  provide  the  most  efficient  transfer  of  oxygen  into  a  perfluorocarbon  emulsion. 
Tests  will  also  be  run  with  blood-perfluorocarbon  mixtures  to  assure  that  this  difference  is  not 
limited  to  perfluorocarbon  emulsions  suspended  in  crystalloid  solutions.  If  this  preliminary 
inference  is  confirmed  by  further  testing,  then  hollow  fiber  oxygenators  will  be  used  for  studies 
to  quantify  the  contribution  of  a  perfluorocarbon  emulsion  to  oxygen  delivery  during  CPB  in 
an  animal  model. 

Other  considerations  that  suggest  the  hollow  fiber  device  is  an  appropriate  choice 
include  the  following: 

1)  If  O2  transfer  rates  comparable  to  the  hollow-fiber  device  could  be  achieved  in  a  bubble 
oxygenator,  they  would  probably  require  considerably  higher  Oj  flow  rates  to  compensate  for 
the  relatively  inefficient  transfer  of  Oj  to  perfluorocarbon  from  bubbles.  This  inference 
regarding  bubble  oxygenators  is  supported  by  data  from  a  study  of  CPB  with  Fluosol  [26].  Very 
high  gas  flow  rates  in  a  bubble  oxygenator  will:  increase  trauma  to  blood  elements;  increase 
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foaming  of  blood  and  the  possibility  of  microbubble  embolization;  and  may  substantially 
increase  the  removal  of  COj  from  the  perfusate  thereby  causing  respiratory  alkalosis. 

2)  Membrane  oxygenators  have  a  sheet  of  silicone  interposed  between  the  fluid  and  gas  phases. 
The  data  presented  in  this  manuscript  suggest  that  membrane  oxygenators  do  not  transfer  O2 
as  efficiently  as  the  hollow-fiber  device.  Presumably  design  changes  (e.g.  a  thinner  membrane 
or  more  Oj  permeable  material)  will  be  necessary  to  achieve  oxygenation  comparable  to  the 
hollow-fiber  device. 

3)  Important  hypocarbia  and  alkalosis  may  result  from  an  excessive  transfer  of  COj  by 
perfluorocarbons.  If  this  occurs,  hollow-fiber  devices  (as  well  as  membrane  devices)  are  easily 
adapted  to  blenders  that  can  add  graded  amounts  of  CO2  to  the  sweep  gas. 
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ABSTRACT  Long-term  room  temperature  stability  of  ready-to-use 

concentrated  fluorocarbon  emulsions  is  necessary  in  order  to  fully  exploit  the 
therapeutic  potential  of  fluorocarbons.  Consequently,  considerable  efforts  have 
been  directed  at  investigating  the  physical  nature  of  such  emulsions,  the 
mechanisms  which  lead  to  their  degradation  and  the  means  of  counteracting  these. 
The  particles  which  constitute  typical  fluorocarbon/egg  yolk  phospholipid 
emulsions  have  been  identified  to  be  surfactant-coated  fluorocarbon  droplets  and 
lipid  vesicles.  Better  understanding  has  been  gained  on  the  formation,  structure  and 
evolution  of  these  particles  during  processing  and  storage.  This  has  led  to 
optimized  formulations  and  processing,  better  control  of  emulsion  characteristics 
and  significantly  improved  stability.  Molecular  diffusion  (Ostwald  ripening  or 
transcondensation)  has  been  shown  to  be  the  main  mechanism  of  degradation  when 

particles  are  less  than  1  jj.m  in  diameter,  even  for  the  highly  concentrated  (volume 
fraction  of  fluorocarbon  up  to  50%)  second  generation  fluorocarbon  emulsions. 
Significant  emulsion  stabilization  has  been  accomplished  by  adding 
fluorochemicals  which  are  both  less  volatile  and  less  water  soluble,  and 
nevertheless  have  an  organ  dwell  time  acceptable  for  intravascular  use.  The  rate  of 
molecular  diffusion  can  also  be  reduced  by  decreasing  the  fluorocarbon/water 
interfacial  tension;  this  was  effectively  achieved  with  appropriate,  well-defined 
fluorinated  surfactants.  A  further,  novel  means  of  stabilizing  fluorocarbon-in-water 
emulsions  nitikes  use  of  mixed  fluorocarbon-hydrocarbon  amphiphiles  which  act  as 
molecular  dowels  to  reinforce  the  adhesion  between  the  fluorocarbon  phase  and  the 
lipophilic  zone  of  the  surfactant  film.  Both  long-term  room  temperature  stability, 
and  particle-size  control  over  a  large  range  of  diameters,  have  been  achieved  by 
applying  this  principle.  All  in  all  it  can  be  said  that  the  challenge  of  producing 
injectable  fluorocarbon  emulsions  with  long-term  room  temperature  particle  size 
stability  has  been  met. 
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INTRODUCTION 

Stability  is  a  primary  requirement  for  fluorocarbon  emulsions  destined  to  be 
used  as  injectable  oxygen  carriers,  contrast  agents  or  drug  delivery  systems  [1-2]. 

To  stabilize  an  emulsion  implies  minimization  of  its  free  energy  and  creation 
of  an  effective  energy  barrier  to  oppose  particle  growth.  Considerable  efforts  have 
been  directed  at  investigating  the  formation  and  physical  nature  of  fluorocarbon 
emulsions,  the  mechanisms  which  lead  to  their  degradation  and  the  means  of 
counteracting  these.  This  short  review  will  discuss  these  studies  and  the 
improvements  that  they  originated  on  the  way  to  developing  improved  injectable 
fluorocarbon  emulsions  with  long  term  shelf  stability.  The  microemulsion 
approach,  i.e.  the  spontaneous  formation  of  thermodynamically  stable 
microheterogenous  systems  within  a  specific  composition  and  temperature  domain, 
and  the  difficulties  inherent  in  this  approach,  will  not  be  discussed  here  [3]. 

FROM  FROZEN  STORAGE 

TO  LONG-TERM  ROOM  TEMPERATURE  STABILITY 

In  1989  the  FDA  licensed  a  first  fluorocarbon  emulsion,  Fluosol®  (Green 
Cross  Corp.,  Osaka,  Japan)  as  an  oxygen  carrier  for  use  during  the  percutaneous 
transluminal  coronary  balloon  angioplasty  procedure  [4].  Fluosol  contains  ca  14% 
w/v  of  perfluorodecalin  (FDC)  and  ca  6%  of  perfluorotripropylamine  (FTPA).  The 
latter  fluorocarbon  was  added  as  a  stabilizer  after  an  unsuccessful  attempt  at 
developing  a  stable  FDC  emulsion  [5].  In  spite  of  this,  Fluosol  comes  as  three 
distinct  preparations,  a  frozen  stem  emulsion  and  two  annex  solutions  from  which 
the  final  injectable  emulsion  has  to  be  reconstituted  prior  to  use.  As  an  additional 
disadvantage,  the  stabilizing  additive,  FTPA,  has  a  prolonged  retention  time,  T1/2, 
in  the  reticuloendothelial  system  (RES)  organs  of  65  days,  [6]  related  to  its  high 
molecular  weight  .  Other  first  generation  emulsions  have  been  administered  to 
humans  :  Emulsion  n°Il,  which  is  manufactured  in  China  [7]  and  is  similar  in 
composition  to  Fluosol,  and  Ftorosan  or  Perftoran  (Russia)  which  contain  the  same 
amount  of  FDC  but  perfluoromethylcyclohexylpiperidine  (PMCHP,  T1/2  >  60 
days)[8]  as  the  stabilizing  additive.  The  limitations  of  these  emulsions  are  similar  to 
those  of  Fluosol. 

One  major  breakthrough  in  second  generation  perfluorochemical  emulsions 
came  with  the  development  of  concentrated  stable  emulsions  trade-named  Oxygent 
™  and  Imagent®  (Alliance  Pharmaceutical  Corp.,  San  Diego,  USA).  They  are  up 
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to  five  times  more  concentrated  in  fluorocarbon  than  Fluosol  and  have  superior 
physical  stability.  They  are  heat  sterilizable  under  standard  conditions,  no  longer 
require  to  be  frozen  for  shipment  and  storage,  and  are  ready  for  use  [9,10]. 
Perfluorooctyl  bromide  (CgFnBr,  perflubron)  is  used  as  the  fluorocarbon  and  egg 
yolk  phospholipids  (EYP)  as  the  emulsifier.  A  four- year-old  100%  w/v  perflubron 
emulsion,  which  had  been  stored  at  4-6°C  and  shipped  twice  across  the  Atlantic, 
when  submitted  to  the  drastic  close-to-total  isovolemic  exchange  perfusion  of  the 
conscious  rat  test,  showed  a  survival  ratio  after  a  three-month  observation  period  of 
75%,  comparable  to  that  obtained  with  fresh  emulsions  [11]. 

EMULSION  STABILITY 

Impact  of  the  preparation  procedure 

The  characteristics  and  properties  of  emulsions,  including  their  stability, 
depend  not  only  on  their  formulation  but  also  on  the  numerous  parameters  involved 
in  their  preparation  procedure  and  on  their  history. 

The  influence  of  the  conditions  of  preparation  on  the  stability  of 
concentrated  fluorocarbon  emulsions  prepared  with  EYP  has  been  shown  [12]. 
This  begins  with  the  very  first  step  of  the  preparation  process,  the  dispersion  of  the 
water-insoluble  phospholipids  in  the  aqueous  phase.  Depending  on  the  method 
used  and  energy  applied,  the  phospholipid  aggregates  formed  consist,  as  evidenced 
by  transmission  electron  microscopy,  of  poorly  organized  "pre-liposomes”,  of 
multi-lamellar  vesicles  (MLV)  or  of  small  unilamellar  vesicles  (SUV).  The 
emulsions  prepared  from  the  better  organized  MLVs  or  SUVs  were  significantly 
less  stable  than  those  prepared  from  poorly  organized  unclosed  lipid  layers  (Figure 
1).  In  the  fomier  cases  a  higher  amount  of  fluorocarbon-free  liposomes  is  left  over, 
which  has  a  detrimental  effect  on  the  emulsion’s  stability  [13], 

When  emulsification  itself  is  considered,  high  pressure  mechanical 
procedures  such  as  microfluidization  or  high  pressure  homogeneization  are 
superior  to  sonication,  most  likely  as  a  result  of  narrower  particle  size  distribution 
[14]. 

The  dramatic  effect  of  storage  temperature  on  the  stability  of  perflubron 
emulsion  has  been  evaluated.  The  droplet  growth  rate  of  perflubron  emulsion 
increases  exponentially  with  temperature  in  the  5-40°C  temperature  range  [15]. 
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FIGURE  1 ;  Variation  at  25°C  of  the  average  particle  size  of  fluorocarbon  droplets 
as  a  function  of  time  in  perflubron/EYP  (90/4  %w/v)  emulsions  prepared  from  (a) 
"pre-liposomes";  (b)  MLV;  (c)  SUV  (from  [12]). 


Emulsion  degradation  upon  storage 

The  fate  of  any  emulsion  is  eventual  phase  separation.  This  can  occur  either 
through  coalescence  of  the  droplets,  usually  preceded  by  a  flocculation  (or 
aggregation)  step,  itself  favored  by  creaming  or  sedimentation,  or  through 
molecular  diffusion,  the  so-called  Ostwald  ripening  process.  Particle  aggregation 
can  be  reversed  by  gentle  agitation.  On  the  other  hand,  coalescence  and  molecular 
diffusion  are  irreversible  processes  that  eventually  lead  to  complete  phase 
separation  [2]. 

Coalescence  requires  two  droplets  to  come  into  contact  and  the  subsequent 
thinning  and  disruption  of  the  surfactant  films  which  separate  them.  Emulsion 
degradation  by  coalescence  is  characterized  by  a  widening  of  the  particle  size 
distribution.  According  to  the  coalescence  theory  of  Van  den  Tempei,  the  cube  of 
the  mean  particle  radius,  a^,  should  increase  exponentially  with  time  (ideally,  a^  = 
a^3  exp(Kt)  where  a©  is  the  radius  at  time  zero  and  K  is  the  coalescence  constant). 

Coarsening  of  an  emulsion  through  molecular  diffusion  is  due  to  the  fact 
that  the  oil  in  small,  submicronic  droplets  has  a  solubility  in  water  greater  than  has 
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either  the  oil  in  larger  ones  or  the  bulk  material.  The  pressure  and  chemical  potential 
inside  the  droplets  is  inversely  proportional  to  the  droplet's  radius,  as  seen  from  the 
Laplace  equation.  In  terms  of  solubility  the  effect  of  the  droplet's  radius  is  given  by 
ln(Si/S2)  =  Yi  V/RT  (l/rj  -  l/r2),  where  Sj  and  $2  are  the  solubilities  of  the 
dispersed  phase  in  particles  of  radius  r^  and  r2  respectively,  V  its  molar  volume, 
the  interfacial  tension,  and  R  and  T  have  their  usual  signification.  This  is  a 
consequence  of  the  Kelvin  effect :  the  vapor  pressure  and  the  solubility  in  water  of 
the  dispersed  liquid  increase  when  the  curvature  of  the  droplets  increases.  As  a 
result,  individual  molecules  will  tend  to  leave  the  smaller  droplets,  diffuse  through 
the  continuous  phase  and  join  the  larger  ones.  In  this  isothermal  distillation  process 
the  larger  droplets  will,  therefore,  grow  at  the  expense  of  the  smaller  ones.  This 
process  does  not  require  that  droplets  come  into  physical  contact. 

According  to  the  Lifshits,  Slezov,  Wagner  (LSW)  theory  [16,17], 
dispersed  phase  systems  undergoing  molecular  diffusion  can  be  characterized  by  a 
particle  size  distribution  whose  mean  “number  radius”  cubed,  a^,  increases  linearly 
with  time  according  to: 

1/T  =  d(a3)/dt  =  8CDYiV/9RT 

where  C  and  D  are,  respectively,  the  water  solubility  and  diffusion  coefficient  of 
the  dispersed  phase  in  the  continuous  medium,  V  the  molar  volume  of  the 
dispersed  substance  (the  fluorocarbon)  and  the  interfacial  tension  between  the 

dispersed  (fluorocarbon)  and  continuous  (water)  phases.  Another  characteristic  of 
molecular  diffusion  is  that  the  distribution  function  for  the  ratio  p  =  a/a  of  a  particle 
radius,  a,  to  the  current  mean  number  radius  ,  a,  is  time-invariant. 

It  has  been  recognized  for  some  time  that  molecular  diffusion  (or  Ostwald 
ripening)  plays  a  decisive  role  in  the  coarsening  of  dilute  fluorocarbon-in- water 
emulsions  [18].  A  linear  increase  in  the  volume  of  the  droplets  over  time  was  first 
reported  for  F-decalin  or  F-tributylamine  emulsions  containing  Proxanol  P-268. 
Until  recently,  however,  the  reports  were  all  related  to  emulsions  in  which  the 
dispersed  phase  was  rather  dilute  (volume  fraction  (})  <  0.2).  Since  the  effective 
transport  of  adequate  amounts  of  oxygen  requires  the  development  of  considerably 
more  concentrated  injectable  emulsions,  it  was  necessary  to  verify  whether  or  not 
molecular  diffusion  is  still  the  primary  degradation  process  in  this  case.  In  such 
emulsions  the  contacts  between  droplets  are  considerably  increased,  a  situation 
which  could  indeed  favor  coalescence.  Evidence  has  now  been  produced  which 
shows  that  molecular  diffusion  is  still  the  dominant  mechanism  of  degradation  for 
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highly  concentrated  (<])  of  ca  50%)  fluorocarbon  emulsions.  The  evolution  of  three 
perflubron/EYP/water  emulsions  with  (j)  values  of  0.01,  0.05  and  0.47,  was  found 
to  be  in  accordance  with  the  L-S  theory  :  (i)  the  increase  in  volume  of  the  particles 
is  linear  with  time  and  the  slope  of  the  a^  =  f(t)  curve,  (i.e.  the  growth  rate  of  the 
emulsion’s  particles)  increases  as  expected  [19]  with  ([),  and  (ii)  there  exist  time- 
invariant  distribution  functions  at  any  of  the  (j)  values  examined  [20].  Russian 
scientists  showed  in  an  elegant  "reverse  distillation"  experiment  that  the  degradation 
of  fluorocarbon  emulsions  with  both  one  and  two  component  dispersed  phases  is 
well  accounted  for  by  the  LSW  theory  [21].  Also  convincing  is  a  recent 
fluorocarbon  emulsion  transcondensation  experiment  in  which  90%  w/v 
concentrated  emulsions  [22]  containing  two  homologous  fluorocarbons  with 
different  water  solubilities  were  analyzed  at  selected  time  intervals  using 
sedimentation  field-flow  fractionation.  This  technique  allows  the  separation  and 
isolation  of  monosized  particles  for  which  the  individual  fluorocarbon  content  can 
then  easily  be  determined.  As  predicted  by  the  LSW  theory,  the  small  droplets  were 
progressively  enriched  in  the  lower-water-solubility  fluorocarbon  while  the  larger 
droplets  became  enriched  in  the  fluorocarbon  with  the  higher  water  solubility. 

Normally,  the  solubility  of  perfluorochemicals  in  water  decreases  when 
molecular  volume,  and  hence  usually  molecular  weight  (MW),  increase  [23].  In 
agreement  with  the  LSW  theory,  emulsion  stability  increases  from  FDC  (MW  = 
462)  to  FTPA  (MW  =  521).  F-44E  produces  more  stable  emulsions  than  FDC 
although  the  molecular  weights  of  the  two  fluorocarbons  are  similar  [24], 
presumably  owing  to  the  larger  molecular  volume  of  the  former. 

The  LSW  fomialism  is  however  incomplete,  as  it  does  not  take  into  account 
the  role  and  structure  of  the  emulsifier  film  in  the  stabilization  process,  except  for 
the  interfacial  tension  term.  Emulsifiers  not  only  lower  the  interfacial  tension  at  the 
fluorocarbon/water  interface,  thereby  decreasing  the  free  energy  of  the  system,  they 
also  constitute  the  interfacial  film  which  coats  the  individual  droplets  and  prevents 
them  from  coalescing.  The  strength  of  this  film,  which  is  related  to  its  viscous  and 
elastic  characters,  is  of  key  importance  in  opposing  particle  coalescence.  Low 
interfacial  tension  alone  does  not  guarantee  emulsion  stability.  Some  surfactants 
very  effective  in  reducing  fluorocarbon/water  interfacial  tension  proved  unable  to 
assure  emulsion  stability  [25]. 
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FIGURE  2  :  a)  Molecular  weight  dependance  of  the  organ  retention  time  of 
perfluorochemicals;  the  lipophilic  C8Fi7Br  (PFOB  perflubron)  and  CiQF2iBr 
(PFDB)  exhibit  unusually  low  organ  retention  times  relative  to  other 
perfluorochemicals;  PHCP:  perfluoroperhydrophenanthrene,  FTPA: 
perfluorotripropylamine,  PMCP:  perfluoromethylcyclohexylpiperidine  b) 
Stabilization  of  concentrated  perflubron/EYP  emulsions  by  a  heavier  fluorocarbon: 
perfluorodecyl  bromide  (PFDB);  the  particles’  growth  rates,  at  4()°C,  are  expressed 
as  the  increase  in  droplet  volume  per  month. 
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EMULSION  STABILIZATION 

Fluorocarbon  emulsions  can  be  stabilized  by  decreasing  the  solubility  of  the 
dispersed  phase  in  the  continuous  phase,  by  decreasing  the  interfacial  tension 
and/or  by  improving  the  cohesive  interactions  at  the  fluorocarbon/surfactant/water 
interfaces. 

Molecular  diffusion  suppression  additives 

One  possible  means  of  reducing  Ostwald  ripening  in  emulsions,  is  to  add  a 
small  amount  of  a  higher  boiling  point,  poorly  water-soluble  material  to  the 
dispersed  phase.  Davis,  early  on,  showed  that  increased  stability  is  indeed 
conferred  on  FDC/Pluronic  FI 08  emulsions  (20/1  %  w/v)  by  adding  small 
quantities  (1-5  %  w/v)  of  perhydrofluoranthrene[26].  This  principle  is  actually 
utilized  in  Fluosol  and  in  Ftorosan  or  Perftosan  with  the  addition  of 
perfluorotripropylamine  and  perfluoromethylcyclohexylpiperidine,  respectively,  to 
FDC.  The  problem  so  far  with  these  added  components  is  that  they  have 
inacceptably  long  organ  retention  times,  [i]. 

This  approach  has  now  been  made  practicable  with  the  identification  of 
stabilizing  additives  which  have  low  vapour  pressure  and  water  solubility,  and 
nevertheless  also  fast  excretion  rates.  Figure  2  recalls  that  the  excretion  rates  of 
"true"  fluorocarbons  are  a  steep,  exponential  function  of  the  fluorocarbon’s 
molecular  weight  [27].  Faster  excretion  is,  however,  achieved  for  fluorocarbons 
which  have  an  exposed  lipophilic  substituant  such  as  a  bromine  atom  or  an  alkyl 
group.  This  is  the  case,  in  particular,  for  perfluorooctyl  bromide,  C8Fi7Br,  and 
perfluorodecyl  bromide,  CioF2lBr,  for  which  the  RES  half-lives  are  only  4  and 
23  days,  respectively,  i.e.  much  lower  than  what  would  be  expected  from  their 
molecular  weights  only. 

Advantage  has  been  taken  of  such  exceptions.  Thus,  the  presence  of  1  % 
w/v  of  the  heavier  perfluorodecyl  bromide  in  concentrated  emulsions  of  the  lighter 
perflubron  or  of  perfluorodecalin  already  increases  the  emulsion's  physical  stability 
significantly  (Figure  2b)  [28].  An  advantage  of  this  approach  is  that  the  stabilizing 
additive  is  essentially  of  the  same  nature  and  biological  comportment  as  the  main 
fluorocarbon. 

Fluorinated  surfactants 

Another  way  to  retard  Ostwald  ripening  is  by  means  of  better  adapted 
surfactants.  The  surfactants  currently  used  to  prepare  fluorocarbon  emulsions, 
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FIGURE  3  :  Comparison  of  particle  volume  increase  over  time,  at  50°C,  of  50% 
w/v  perfluorodecalin  emulsions  prepared  with  5%  of  Pluronic  F-68  or  with  5%  of 
a  1/1  mixture  of  Pluronic  F-68  and  of  various  hydrogenated  or  fluorinated  fatty 
acid  monoesters  of  trehalose. 


Pluronic  F-68  and  natural  egg  yolk  phospholipids,  are  not  particularly  fluorophilic, 
hence  far  from  ideal  when  the  "oil"  to  emulsify  is  a  fluorocarbon.  Highly 
fluorinated  (fluorophilic)  surfactants  are  much  more  effective  in  reducing  the  large 
interfacial  tension  that  exists  between  fluorocarbons  and  water  [2,27]. 

A  range  of  new,  highly  fluorinated  surfactants  with  single  or  double 
perfluoroalkylated  hydrophobic  chains  has  been  developed,  primarily  for 
emulsifying  fluorocarbons,  but  also  to  answer  a  more  general  need  for  highly 
effective,  well-defined  surfactants  [29],  Very  stable  emulsions  of  FDC  and 
perflubron  were  obtained  with  some  of  them.  The  neutral  ones  led  to  considerable 
synergistic  stabilization  when  Pluronic  F-68  was  used  as  the  primary  surfactant, 
while  anionic  ones  developed  such  synergistic  effect  with  EYP  [25].  An  example 
of  emulsion  stabilization  obtained  with  a  fluorinated  surfactant  is  given  in  Figure  3. 
Other  examples  can  be  found  in  ref  [26].  However,  little  is  known  yet  about  the 
toxicity  and  pharmacodynamics  of  fluorinated  surfactants  [29]. 
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The  dowel  approach 

In  a  newer  approach  to  emulsion  stabilization,  mixed  fluorocarbon- 
hydrocarbon  molecules,  RpRj^,  are  used  to  improve  the  cohesion  between  the 

fluorocarbon  phase  and  an  EYP  [2,30]  or  Pluronic  F-68  [31]  surfactant  film.  In  the 
former  case  the  emulsions  contain  fluorocarbon  droplets  coated  with  a  lipidic  film. 
For  each  such  droplet  two  interfaces  can  be  considered  :  i)  outwards,  between  the 
continuous  water  phase  and  the  polar  phosphocholine  side  of  the  EYP  film  and,  ii), 
inwards,  between  the  fatty  acid  chains  of  the  EYP  film  and  the  fluorocarbon.  It  is 
the  cohesion  at  the  latter  interface  which  needed  improvement.  It  was  our 
hypothesis  that  mixed  fluorocarbon-hydrocarbon  compounds,  Rf^H*  could 

efficiently  act  as  "molecular  dowels"  at  the  phospholipid/fluorocarbon  interface 
and,  consequently,  improve  the  stability  of  the  emulsions.  The  Rjq  segment  of  the 

dowels  was  expected  to  penetrate  the  fatty  acid  chain  arrangement  of  the  EYP  film, 
while  its  Rp  segment  was  expected  to  penetrate  the  fluorocarbon  phase,  thus 

achieving  the  sought-after  improved  adherence  of  the  EYP  coating  to  the 
fluorocarbon  droplets. 

Dramatic  stabilization  has  indeed  been  obtained  when  small  amounts  (1  mole 
per  mole  of  EYP)  of  such  mixed  RpER  dowels,  for  example 
CgFi7CH=CHC8Hi7  or  C6F13C10H21,  were  incorporated  in  FDC,  F-44E  or 
perflubron  emulsions  formulated  with  egg-yolk  phospholipids.  The  resulting 
emulsions  are  compared  in  Figure  4  in  temis  of  particle  size  stability  with  reference 
emulsions  prepared  with  EYP  alone. 

Preliminary  biological  evaluation  in  rats  indicates  that  the  dowel  molecules 
themselves  are  biologically  rather  inert.  No  metabolism  was  found  and  the  half¬ 
residence  time  in  the  liver  of  rats,  after  massive  i.v.  injection  in  emulsion  form  (3.6 
g/Kg  body  weight),  was  of  ca  25  days  for  a  typical  product, 
C6Fi3CH=CHCioH2i  [32].  The  absence  of  metabolism  should  greatly  simplify 
the  phannacodynamic  studies  and  acceptance  of  such  compounds  as  stabilizers  in  a 
new  generation  of  fluorocarbon  emulsions  for  medical  use. 

Two  mechanisms  of  action  of  the  mixed  fluorocarbon/hydrocarbon 
compounds  were,  a  priori,  to  be  considered.  On  the  one  hand,  they  could  act  as 
molecular  diffusion-suppressing  additives  by  reducing  the  water  solubility  of  the 
fluorocarbon  phase,  on  the  other  they  could  achieve  the  expected  dowel  effect  at  the 
interface.  Of  course  both  effects  are  possible  and  likely  to  contribute 
complementarily  to  emulsion  stabilization. 
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That  the  RFRH  mixed  compounds  do  not  solely  act  as  a  low-water- 
solubility  stabilizing  additive  is  supported  by  the  following  results. 

FDC/EYP  emulsions  with  two  different  formulations,  i.e.  100/4.5  %  w/v 
and  50/3  %  were  prepared  with  F6H10E/EYP  molar  ratios  of  1/5,  1/3,  1/1  and  2/1. 
These  emulsions  were  more  stable  than  a  reference  emulsion  prepared  without 
dowel.  The  emulsion’s  physical  stability  increased  with  the  amount  of  Rp^H 
(RpRp[/EYP  molar  ratio  going  from  1/5  to  1/3  and  1/1).  Most  importantly,  the 
emulsion’s  stability  reached  a  maximum  when  the  RpRn/EYP  molar  ratio  was  1/1 , 
after  which  it  appeared  to  decrease  again  when  more  dowel  (F6H10E/EYP  molar 
ratio  =  2/1)  was  included  in  the  formulation  [33].  That  the  efficacy  of  the  dowel 
molecule  reached  a  maximum  strongly  indicates  that  these  molecules  do  not  simply 
act  as  a  low-water-solubility  stabilizing  additive,  which  would  be  dispersed 
throughout  the  fluorocarbon  phase,  but  that  they  do  play  a  role  at  the  interface  and 
interact  with  the  lecithin  molecules. 

That  structural  effects  do  play  a  role  in  the  stabilization  of  the  emulsion  is 
also  illustrated  in  Pigure  4  :  the  linear  PnHm(E)  molecular  dowel  was  found  to  be 
significantly  more  effective  in  stabilizing  emulsions  when  the  fluorocarbon  also 
was  a  linear  molecule,  e.g.  perflubron  or  P-44E,  than  it  was  in  the  PDC  emulsion, 
i.e.  with  a  cyclic  fluorocarbon. 

Purther  evidence  that  the  RpRH  molecules  have  an  action  at  the 

EYP/fluorocarbon  interface  was  provided  by  tension  measurements.  Dynamic 
measurements  demonstrated  that  the  RpRn  compounds  strongly  accelerate  the 

absorption  of  EYP  at  this  interface,  while  they  have  essentially  no  surfactant 
activity  at  the  water/perflubron  interface  [34].  Most  significant  is  the  finding  that 
the  addition  of  the  RpRn  compounds  modifies  the  surface  occupied  by  a  primary 

hydrophilic/lipophilic  surfactant  at  the  water/fluorocarbon  interface.  Thus,  for 
example,  the  area  occupied  per  molecule  of  Ci  iF23COONa  at  the  water/perflubron 
interface  of  51±  2  is  reduced  to  38±  2  A^  in  the  presence  of  the  P4H10E 
molecular  dowel. [34] 

The  use  of  dowe]s  was  also  shown  to  allow  the  preparation  of  stable 
concentrated  fluorocarbon  emulsions  with  pre-selected  particle  sizes  over  a  wide 
range  of  sizes  (from  ca  0.12  }im  to  ca  16  p.m)  [35].  It  is  noteworthy  that  the  larger 
emulsions  obtained  (>3.5  |J.m)  could  not  be  prepared  with  EYP  alone,  i.e.  without 
the  dowel  molecule.  In  such  large  (>  l|im)  particle-size  emulsions  Ostwald 
ripening  is  no  longer  an  effective  degradation  mechanism.  Droplet  coalescence 
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starts  prevailing.  The  fact  that  minute  amounts  of  molecular  dowels  stabilize  such 
large  particle-size  emulsions  further  indicates  that  their  action  involves  their 
presence  at  the  interface. 


CONCLUSIONS 

Definite  breakthroughs  in  terms  of  fluorocarbon  emulsion  particle  size 
stability  have  been  accomplished  with  the  identification  of  efficient  stabilizing 
additives.  Periluorodecyl  bromide,  a  lipophilic  high  molecular  weight  fluorocarbon 
with  acceptable  RES  retention  times,  stabilizes  emulsions  of  lighter  fluorocarbons 
(perflubron,  pcrfluorodecalin)  because  it  reduces  fluorocarbon  mass  transfer  in  the 
aqueous  phase.  Some  fluorinated  surfactants  allow  the  obtaining  of  very  stable 
emulsions.  The  mixed  hydrocarbon-fluorocarbon  dowels  stabilize  fluorocarbon 
emulsions  by  reinforcing  the  binding  between  the  fluorocarbon  phase  and  the  lipid 
layer  of  the  surfactant  membrane. 

All  in  all  it  can  be  said  that  the  challenge  of  producing  injectable 
fluorocarbon  emulsions  with  long-term  particle-size  stability  has  been  met. 
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ABSTRACT  -  Perfluorocarbons  combine  high  gas  dissolving  capacities 
with  extreme  chemical  and  biological  inertness  :  they  are  good  oxygen 
carriers  In  artificial  blood  and  in  liquid  breathing.  However 
fluorocarbons  are  highly  hydrophobic  molecules.  To  solve  the  problem  of 
their  transport,  it  is  necessary  to  use  the  perfluorocarbons  as  an  oil-in 
water  emulsion  (O/W).  To  avoid  harsh  treatment  to  form  such  emulsions 
and  in  order  to  have  injectable  “blood  substitutes",  microemulsions 
seem  particularly  attractive  since  they  are  fluid,  transparent, 
thermodynamically  stable  microheterogeneous  systems. 

Microemulsions,  contrarily  to  classical  emulsions,  are  formed 
spontaneously  by  adding  suitable  surfactants  (or  a  surfactant  +  a 
cosurfactant)  in  appropriate  proportions  to  a  non  miscible  mixture  of 
water  and  oil. 

Biocompatible  O/W  microemulsions  are  difficult  to  obtain  because 
of  ; 

1)  the  existing  segregation  between  perfluorinated  and 
hydrogenated  chains,  resulting,  in  some  cases  in  heterogeneities  or 
gelation  phases  ; 

2)  the  toxicity  of  some  components  ; 

3)  the  possible  harmfulness  of  the  dispersed  system,  etc... 


1007 


Copyright  ©  1994  by  Marcel  Dekker,  Inc. 


1008  LATTES  AND  RICO-LATTES 

We’ll  discuss  all  the  parameters  involved  of  the 

microemulsification  process,  the  nature  of  products,  the  phase 
diagrams,  and  the  phase  behaviors.  This  study  will  outline  certain 
guidelines  necessary  for  the  formation  of  microemulsions  of 

perfluorinated  (or  almost  completely  fluorinated)  oils  with 
perfluorinated  (or  partially  fluorinated)  surfactants. 

INTRODUCTION 

The  development  of  an  artificial  transporter  of  respiratory  gases 
would  be  of  great  value.  Fluorocarbons  are  the  best  gas  solvents  known, 
and  they  are  also  chemically  and  biologically  stable  .  Aqueous  emulsions 
of  these  compounds  have  thus  been  considered  as  potential  blood 
substitutes  for  the  transport  of  O2/CO2.  Such  blood  substitutes  would 

also  be  of  value  for  perfusion  of  isolated  organs  and  in  cell  culture,  etc. 

A  commonly  used  preparation  is  represented  by  Fluosol,  an 
emulsion  of  F-decalin  and  Pluronic  F68.  However,  it  is  rather  unstable, 
and  must  be  kept  refrigerated  [1].  Progress  for  elaborating  fluorocarbons 
emulsions  with  improved  oxygen  capabilities  have  been  recently 
obtained  [2]. 

The  use  of  oil  in  water  microemulsions  using  perfluorinated  oils 
would  overcome  the  obstacle  of  unstability.  These  microemulsions  have 
the  double  advantage  of  forming  spontaneously  and  remaining  stable  for 
periods  of  up  to  several  years  [3,4]  .  However,  production  of  a 
microemulsion  with  a  perfluorinated  oil  requires  precautions  due  to 
segregation  between  the  fluorinated  and  hydrogenated  chains  of 
components  and  also  to  inherent  properties  of  microemulsions. 

In  this  review  we’ll  first  describe  the  microemulsion  systems, 
then  we’ll  report  our  results  concerning  the  physicochemical  approach  of 
microemulsification  of  perfluorinated  compounds  and,  to  finish,  the 
main  strategies  to  develop  biocompatible  microemulsions  useful  as 
blood  substitutes. 

Definition  of  microemulsions  and  differences  from  emulsions 

There  have  been  many  definitions  of  microemulsions  proposed, 
since  there  has  not  been  universal  agreement  on  just  what  constitutes 
such  a  system.  We’ll  adopt  the  following  ;  Microemulsions  are  fluid, 
transparent,  and  thermodynamically  stable  microheterogeneous  systems 
which  are  formed  spontaneously  bv  adding  suitable  surfactants  to  an 
otherwise  non-miscible  mixture  of  water  and  oil  (hydrocarbon, 
fluorocarbon,  etc..).  We  can  summarize  the  properties  of  emulsions  and 
microemulsions  in  table  I  : 
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TABLE  I  :  Comparison  of  emulsions  and  microemulsions 


PrQpgrti^s 


Emulsions  Microemulsions 


composition 

Aspect 
Formation 
Aggregates  size 
Behavior 
with  time 


water,  surfactant  water,  surfactant  (with  or 
oil  without  cosurfactantL  o i I 


Turbid,  milkly 
with  energy 
d  ^  1  pm 

decantation 


clear 

spontaneous 
d  ^  500  A 

Stable 


Formation  of  microemulsions 

The  consideration  on  microemulsions  are  based  on  the  extensive 
studies  of  the  phase  diagrams  of  multicomponent  systems  represented 
by  a  tetrahedron  in  which  each  peak  corresponds  to  one  component  of 
the  system. 

In  order  to  facilitate  the  comprehension  and  the  use  of  these 
diagrams,  we  make  triangular  sections  of  the  tetrahedron,  keeping 
constant  the  ratio  surfactant/cosurfactant  (or  others  ratios  of  two 
components)  :  Figure  2  shows  the  pseudo-ternary  phase  diagrams  thus 
obtained  [5] 

By  exploring  the  phase  diagram  we  can  distinguish  essentially 
different  areas  :  -  normal  micelles,  for  high  content  of  water  ;  -  reverse 
micelles,  for  high  content  of  oil  ;  -  lamellar  phase,  for  high  content  of 
surfactant  ;  -  bicontinuous  structures,  for  solution  containing  roughly 
equal  amounts  of  water  and  oil. 

In  order  to  obtain  microemulsions  of  fluorocarbons  useful  as  blood 
substitutes  we  must  choose  isotropic  systems  near  the  water  top  and  to 
avoid  the  lamellar  and  bicontinuous  structure  on  account  of  their 
potential  high  viscosity. 

Unlike  the  hydrogenated  systems,  no  systematic  study  of  the 
formulation  of  fluorinated  microemulsions  has,  to  the  authors' 
knowledge,  been  reported.  This  study  of  the  microemulsification  of 
various  perfluorinated  oils  (or  almost  completely  fluorinated  oils)  has 
been  undertaken  with  different  perfluorinated  surfactants  (or  almost 
completely  fluorinated  surfactants)  with  or  without  a  cosurfactant. 

For  the  preliminary  study,  the  biocompatibility  of  the  surfactants 
and  cosurfactants  was  not  considered.  The  main  purpose  was  to  obtain 
microemulsions  and  to  establish  guide  lines  for  the  microemulsification 
of  fluorinated  compounds  [6].  Starting  from  those  results  we’ll  discuss, 
in  a  second  part,  new  formulations  for  blood  substitutes. 
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COSURFACTANT 

SURFACTANT 

WATER  ^ 

FIGURE  1  -  Representation  of  a  quaternary  system 


FIGURE  2  -  Pseudoternary  phase  diagram 
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MATERIALS  AND  METHODS 

Butan-1-ol  (Prolabo)  was  used  as  supplied.  Perfluoroalkanes  and  F- 
decalin  were  purchased  from  Fluka  and  were  used  as  supplied.  Ail  other 
materials  used  in  this  study,  were  generously  provided  by  ATOCFIEM 
(PCUK)  and  were  used  as  supplied.  There  was  no  indication  in  19F  n.m.r. 
spectra  of  the  presence  of  appreciable  amounts  of  branched  isomers. 
Sodium  pentadecafluorooctanoate  (CyF^  ^COONa)  was  prepared  from  the 

corresponding  carboxylic  acid  (pentadecafluorooctanoic  acid,  PCUK). 
MONTANOX  80  was  a  generous  gift  of  SEPPIC.  The  ternary  or  quaternary 
mixtures  were  prepared  with  doubly  distilled  water,  at  25+0.1  °C. 

Synthesis  of  mixed  oils 

The  mixed  oils  synthesized  were  of  general  formula  RpCH2-CH=CH-Rj_|. 

A  method  for  synthesizing  compounds  of  this  type  developed  in  the 
laboratory,  enabled  the  balance  between  the  fluorinated  and 
hydrogenated  parts  to  be  altered  at  will  [7]. 

Pseudoternary  phase  diagrams 

The  limits  of  the  phase  regions  have  been  determined  for  constant 
surfactant/cosurfactant  (or  surfactant/surfactant)  weight  ratios  by 
titrating  different  mixtures  of  water  and  oil,  or  of  surfactant, 
cosurfactant  and  oil  with  a  defined  solution  of  surfactant,  cosurfactant 
and  water, until  a  transparent  homogeneous  system  was  spontaneously 
obtained.  Samples  stored  as  microemulsions  for  a  period  of  several 
months  at  room  temperature,  in  sealed  tubes,  were  found  to  be  stable 
during  this  period.  The  diagrams  have  been  drawn  as  usual  in  terms  of 
weight  percentages.  The  solubility  of  oxygen  was  measured  with  the 
Clark  electrode. 


RESULTS 

Systematic  study  of  microemulsification 

Ternary  Mixtures  :  one  surfactant 

The  ternary  phase  diagram  of  the  system  C^F^  -| COOFI/C3 F-|  702!-% 

or  F-decalin/H20  shows  a  large  microemulsion  area.  But  a  transparent 

gel  appears  with  F-decalin.  It  would  appear  that,  in  order  to  obtain  a 
cosurfactant-free  microemulsion,  the  surfactant  must  be  both 
sufficiently  hydrosoluble  and  liposoluble.  Among  the  surfactants  tested, 
only  C5F-1  -|COOH  has  this  characteristic  at  room  temperature. 

Quaternary  mixtures  :  one  surfactant  +  one  cosurfactant 

With  the  amphiphilic  mixture  C3F-1  yS  03Li/C4H50Fl,  F-decalin  and 

CsHi  yC2Fl3  give  microemulsions  systems  essentially  localized  near  the 
aqueous  portion  of  the  diagram.  In  all  cases  the  largest  single 
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monophasic  area  are  obtained  with  surfactant/cosurfactant  weight 
ratios  =  2. 

The  maximum  size  of  the  microemulsion  area  is  found  with  the  oils 
CqF^  7CH=CH2,  3CH-CH2  ;  CgF^  7C2H5.  With  CqF^  jCH=C^2’ 
CgFi3CH=CH2  andC3Fi7C2H5.  the  system  CgF^  3C2H4903H/butan-1 -ol 
(2/1)  leads  to  smaller  microemulsion  areas  than  with  the  CgF^  7C2H4S 
O^H/butan-1-ol  (2/1)  system.  This  emphasizes  the  significance  of  the 

respective  oil-surfactant  chain  lengths  [8]. 

It  is  interesting  to  note  that  the  diagrams  carried  out  with  butan- 
1-0!  in  this  study  are  completely  different  from  those  with  the  butan-1- 
ol  fluorinated  homologue  used  by  Oliveros  et  al.  [9]  :  C3F7C  FI2OH  is 

soluble  in  perfluorinated  oils  but  not  soluble  in  water  and  leads  to  W/0 
microemulsions  whereas  C4HgO  H  which  is  very  slightly  soluble  in 

perfluorinated  oils  and  soluble  in  water,  does  not. 

The  lack  of  microemulsions  with  C4FgC2H40H  reconfirms  the 

importance  of  the  solubility  of  the  cosurfactant  :  its  too  lipophilic 
nature  thus  prevents  it  from  acting  as  a  cosurfactant. 

Quaternary  mixtures :  two  surfactants 

When  the  required  FILE  [10]  of  perfluorinated  oils  is  respected,  only 
the  mixtures  which  have  a  sulphonate  and  a  RpCOOH  carboxylic  acid  lead 

to  the  formation  of  microemulsions. 

New  Formulations  for  Blood  Substitutes 

Production  of  a  microemulsion  with  a  perfluorinated  oil  requires 
the  use  of  a  fluorinated  surfactant  due  to  segregation  between  the 
fluorinated  and  hydrogenated  chains.  Much  effort  is  now  being  put  into 
the  development  of  non-toxic  fluorinated  surfactants.  This  approach  can 
be  summarized  as  : 

The  development  of  biocompatible  fluorinated  surfactants  to 
microemulsify  perfluorinated  oils. 

GERBACIA  and  ROSANO  have  described  the  first  example  of 
fluorocarbon  dispersion  by  means  of  a  volatile  halogenofluorocarbon  and 
a  mixture  of  hydrogenated  and  fluorinated  nonionic  surfactants  [11]. 

LANTZ  et  al.  [12]  have  used  the  precedently  described  method  with 
two  surfactants  :  by  using  a  mixture  of  polydisperse  fluorinated  poly 
(oxyethylene)  compounds  they  obtained  clear  emulsions. 

The  first  unambigously  study  of  nonionic  microemulsions  was 
realized  by  DELPUECH  et  al.  [13].  Those  authors  obtained  indefinitely 
stable  microemulsions  from  a  ternary  mixture  of  water,  fluorocarbon 
and  a  perfluoroalkyopoly(oxyethylene)  surfactant  of  appropriate  HLB 
the  high  content  of  oxygen  dissolved  in  one  such  microemulsions 
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approaches  the  solubility  in  blood  (20  vol.  %).  This  work  has  opened  a 
new  way  for  obtaining  a  novel  class  of  nonionic  microemulsions  possibly 
useful  as  blood  substitute. 

One  of  the  last  example  of  application  of  this  method  was  the 
patent  of  YIV  Seang  [14]  who,  in  1990  described  a  microemulsion 
comprising  a  perfluorocarbon  (perfluoromethyladamantane)  dispersed  in 
water  with  a  non  ionic  surfactant. 

In  accordance  with  this  strategy  many  new  synthesis  of  non  ionic 
fluorinated  surfactants  have  been  described  [15]. 

In  view  of  the  above  mentioned  consideration,  we  felt  that  this 
approach  was  fraught  with  difficulties,  and  we  opted  for  an  approach 
which  can  be  summarized  as  : 

The  adaptation  of  the  oil  to  a  known  biocompatible  surfactant. 

At  present,  some  hydrogenated  non-ionic  surfactants  have  been 
found  to  be  biocompatible.  We  thus  decided  to  synthesize  and  test  mixed 
oils  sufficiently  fluorinated  to  dissolve  gases  and  be  eliminated  rapidly, 
but  sufficiently  hydrogenated  to  enable  them  to  be  microemulsified 
using  biocompatible  hydrogenated  surfactants  [16]. 

Mixed  oils  and  Selection  of  the  olefin  -The  mixed  oils 
synthesized  were  of  general  formula  RpCH2-CH=CH-R|_j 

The  solubility  of  oxygen  was  used  as  a  criterion  for  selection  of 

the  olefin  for  the  preparation  of  the  microemulsions  [17]. 

The  absorption  of  oxygen  by  F-decalin  and  mixed  oils  are  shown  in 
Table  II. 

The  results  indicate  that  the  mixed  oils  1  and  2  are  good  oxygen 
solvents  :  CgF^  y-CH2-CH=CH-C4Hg  is  particularly  interesting,  since  it 

has  a  larger  fluorinated  part  than  C4F9-CH2-CH=CH-C0H^  y  ;  the 
compounds  1  and  3  dissolve  oxygen  to  as  great  an  extent  than  F-decalin. 

This  shows  the  importance  of  steric  factors  in  the  solubility  of 
oxygen  in  the  fluorinated  compounds.  The  double  bond  in  the  center  of  the 
molecule  appears  to  lead  to  a  steric  hindrance  that  favors  the 
dissolution  of  oxygen.  C3F.1  y-CH2-CH=CH-C4Hg  thus  appears  to  be  a 

viable  alternative  to  F-decalin,  the  principal  component  of  Fluosol. 

Various  microemulsions  with  C3F.j  y-CH2-CH=CH-C4Hg  were 
produced,  and  all  experiments  were  carried  out  at  37“C  in  order  to 
approximate  physiological  conditions. 

Microemulsions  with  C3F.I  y-CH2-CH  =  CH-C4Hg 

Ethoxy  nonylphenols  (NPn)  of  general  formula  CgH.|  g-C0H^  4- 
(OC2H4)pOH  are  widely  used  in  the  production  of  microemulsions.  In  the 
range  of  compounds  NP2  to  NP15  only  the  NP14  derivative  produced  a 
monophasic  zone  with  the  mixed  oil  C3F.I  y-CH2-CH=CH-C4Hg 
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TABLE  i!  -  Absorption  of  oxygen  in  mixed  oils 
Compound  N°  Absorption 

(ml/100  ml) 


CqF^  7-CH2-CH=CH-C4H9  1 

C4F9-CH2-CH=CH-CqH-,  7  2 

C4Fg-CH=CH-C4F9  3 

F"decalin  4 


43 

31 

50 

43 


Microemulsion  zone  was  observed  in  the  water-rich  region,  making  it 
suitable  for  intravenous  administration.  However,  in  view  of  the 
potential  toxicity  of  this  aromatic  non-ionic  surfactant  (NP14)  we 
investigated  non-toxic  analogues  based  on  the  HLB  criteria  (hydrophile- 
lipophile  balance). 

The  HLB  value  can  be  determined  experimentally  or  theoretically. 
The  theoretical  methods  described  by  Griffin  [18]  and  Davies  [19]  are 
commonly  employed.  Thus  the  HLB  for  NP14  is  calculated  to  be  14.5 
Surfactants  with  n  HLB  of  around  14  were  selected. 

Montanox  80  is  a  non-ionic  surfactant  manufactured  by  Seppic  with 
an  HLB  of  14.  It  has  a  very  low  toxicity  (oral  LD50  >16  ml/kg)  and  is 
used  in  the  formulation  of  vaccines  by  the  Institut  Pasteur.  It  has  the 
following  formula  : 


HO(CH2-CH2-0)w 

X+Y+Z+W=20 


(0-CH2-CH2)'xOH 

CH-CH2-(0-CH2-CH2)yCOOR 

(0-CH2-CH2)^0H 


Montanox  80  produced  a  microemulsion  zone  similar  to  that 
obtained  with  ethoxy  nonylphenol  (NP14).  The  microemulsion  zone  is 
found  in  the  water-rich  region  up  to  systems  containing  equal  amounts 
of  oil  and  water  (point  B)  and  with  allow  quantity  of  surfactant  which 
would  make  it  suitable  for  use  in  physiological  conditions. 

Four  microemulsions  were  selected  (points  B,  C,  D  and  E  in  the 
phase  diagram  of  Figure  3.  Their  compositions  are  shown  in  Table  III. 

It  can  seen  that  the  microemulsions  C,  D  and  E  have  a  viscosity 
close  to  that  of  water  (1  cp),  a  further  indication  that  they  are  rich  in 
water  (0/W  type).  However,  microemulsion  B  which  contains  equal 
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FIGURE  3  -  Pseudoternary  phase  diagram  of  the  system  H20-Montanox  80 
C8Fi7-CH2-CH=CH-C4H9 


TABLE  111-.  Characteristics  of  microemulsions  B,  C,  D  and  E. 


Composition  of  microemulsions  (%  weight)  O2  absorption(ml/100ml) 

o 


Mx80 

oil 

H2O 

(cp) 

r(A) 

Measured 

Calculated 

B 

2.6 

48.7 

48.7 

70.0 

23 

17.0 

C 

5.5 

16.6 

77.8 

1.1 

64 

32 

5.4 

D 

7.15 

7.15 

85.7 

1.1 

36 

9 

2.3 

E 

1.3 

9.1 

89.6 

0.9 

43 

21 

2.8 

amounts  of  water  and  oil  had  a  particularly  high  viscosity  (70  cp)  :  it  is 
probably  a  bicontinuous  structure. 

Physicochemical  studies  by  quasi-elastic  light  scattering,  showed 
that  the  microemulsions  in  the  area  rich  in  water  are  composed  of 
small-sized  aggregates  of  the  oil  in  water  type. 

Measurements  of  the  absorption  of  oxygen  were  carried  out  at  37°C 
with  C4F9-CH=CH-C4Fg  as  reference  as  for  the  fluorinated  oils.  The 

results  are  summarized  in  Table  111.  These  results  showed  that  apart 
from  microemulsion  D,  the  others  microemulsions  dissolved  oxygen  to  a 
greater  extent  than  Fluosol-{7.5  ml  O2/IOO  ml)  and,  to  a  similar  extent, 

to  that  of  blood  (20.6  ml  O2/IOO  ml). 
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It  should  also  be  noted  that  the  theoretical  values  of  oxygen 
solubility  (taking  into  account  the  proportion  of  oil  in  the 
microemulsion)  are  much  less  than  the  measured  values  in 
microemulsions  C,  D  and  E  which  have  a  true  micellar  structure.  The 
excess  solubility  was  in  fact  >  500%.  This  would  indicate  that  the 
structure  of  the  microemulsion  (presence  of  micellar  cages)  increases 
their  capacity  to  take  up  oxygen.  This  phenomenon  has  been  observed, 
albeit  to  a  lesser  extent  (excess  solubility  of  around  200%),  with 
perhydrogenated  microemulsion  [20]. 

it  should  be  emphasized  that  the  presence  of  a  fluorinated  oil  is 
required  to  observe  this  phenomenon  of  solubilization.  The  corresponding 
micellar  solutions  (without  oil)  only  took  up  low  proportions  of  oxygen 
(6  ml/100  ml).  Moreover,  the  solubility  of  oxygen  appeared  to  depend  on 
the  size  of  the  micelles;  the  larger  the  micelles,  the  higher  the 
solubility  (cf.  Table  III). 

Toxicology  of  the  microemulsions 

1  -  Toxicity  in  Wistar  rats  after  intraperitoneal  administration. 

We  administered  microemulsion  F  (57%  water,  40%  oil  and  3%  Montanox 
80)  at  5  g  (of  olefin)/kg  body  weight  doses.  Only  slight  alterations  of 
biochemical  parameters  (albumin  and  calcium  in  both  males  and  females, 
phosphorus  y  -glutamyl  transferase  and  iron  in  females  only)  were 
obseved  in  some  cases  as  elevations  and  in  others  as  decreases  with 
respect  to  control  levels.  These  alteractions  were  assumed  to  be  of  no 
toxicological  significance  [21]. 

2  -  Toxicity  in  CDF1  mice  after  intravenous  administration. 

In  order  to  prepare  a  solution  suitable  for  intravenous  administration 
(neutral  pH,  isotonic  and  isoionic),  salts  and  glucose  were  added  in  the 
same  proportions  as  those  used  in  Fluosol.  Since  microemulsion  E 
dissolved  as  much  oxygen  as  blood  we  prepared  an  homologous 
microemulsion  E’  with  the  following  characteristics  : 


TABLE  IV  -  Characteristics  of  microemulsion  E’ 

Composition  (%  weight)  Micelle  radius  Measured  oxygen 

absorption  ml/IOOmI 


Oil*  Mx80  Sterile  Water  43  A  20 

Salts+glucose 


9.1  1.3  89.6 


CgF-j  yCH2-CH=CH-C^Hg 
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It  should  be  noted  that  the  presence  of  the  salts  and  glucose  did 
not  affect  the  size  of  the  aggregates  or  the  solubility  of  oxygen  in  the 
microemulsion. 

Microemulsion  E’  had  a  pH  of  7.  None  of  the  solutions  were 
hemolytic  and  had  the  same  behavior  as  the  solutions  of  physiological 
saline  (0.9%  NaCl)  used  as  controls.  Microemulsion  E’  was  thus  injected 
into  female  CDF,  female  mice  via  the  tail  vein  at  various  doses  of  olefin 
up  to  2.3/kg  body  weight. 

Body  weight.  The  mice  were  weighed  daily.  Weight  gain  for  treated  and 
controls  animals  was  not  significantly  different. 

Autopsy.  The  mice  were  killed  at  different  times  after  treatment.  No 
macroscopic  lesions  were  observed  in  any  body  organ.  More  detailed 
toxicological  studies  are  in  progress  to  investigate  elimination  of  the 
constituents  of  this  microemulsion. 

DISCUSSION 

This  study  has  allowed  certain  guidelines  necessary  for  the 
formulation  of  microemulsions  of  perfluorinated  (or  almost  completely 
fluorinated)  oils  with  perfluorinated  (or  partially  fluorinated) 
surfactants  to  be  established.  To  obtain  a  cosurfactant-free 
microemulsion,  the  surfactant  must  be  sufficiently  both  hydro-  and  lipo- 
soluble. 

The  results  also  show  that  microemulsions  can  be  produced  using  a 
partially  fluorinated  olefin  and  a  biocompatible  hydrogenated  surfactant. 
The  oil  CgF^  y-CH2-CH=CH-C4Hg  was  microemulsified  using  Montanox 

80,  a  non-ionic  surfactant. 

Determination  of  the  solubility  of  oxygen  in  these  microemulsions 
showed  that  they  absorbed  larger  amounts  of  oxygen  than  Fluosol  which 
is  widely  used  in  biomedical  applications.  Oxygen  absorption  was  in  fact 
comparable  to  that  of  blood.  Light  scattering  studies  demonstrated  the 
small  size  of  their  constituent  aggregates. 

The  results  after  intraperltoneal  injection  in  the  rat  indicated  that 
these  microemulsions  are  well  tolerated.  The  isotonic  preparations  of 
neutral  pH  also  appeared  to  be  well  tolerated  after  intravenous 
administration  in  mice. 
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FLUOROCARBON  BLOOD  SUBSTITUTES  IN  RUSSIA 

Victor  V.  Obraztsov 

Institute  of  Cell  Biophysics,  Russian  Academy  of  Sciences, 
Pushchino,  Moscow  Region,  142292  Russia 


The  large-scale  investigation  of  fluorocarbon  blood  substitutes  in  the  former 
USSR  began  in  1980  after  the  acceptance  of  the  State  Program  entitled, 
"Perfluorocarbons  in  Biology  and  Medicine."  As  a  result  of  this  combined  effort,  the 
fluorocarbon  emulsion  Perftoran  was  created  and  clinical  trials  were  started  in  1984. 
Several  hundred  humans  received  Perftoran  infusions  under  various  clinical  situations. 
Despite  the  favorable  results  of  Perftoran  treatment  in  general,  the  clinical  trials  were 
stopped  in  1986  and  renewed  in  September  1992.  The  data  on  Perftoran  clinical  trials, 
as  well  as  the  advantages  and  shortcomings  of  the  emulsion,  have  been  analyzed. 

Attempts  to  make  a  blood  substitute  based  on  a  fluorocarbon  emulsion  were 
performed  in  Russia  just  after  the  publication  of  well-known  articles  [1,2].  Creation  of 
such  a  blood  substitute  was  quite  successful  because  first,  the  industrial  production  of 
fluorocarbons  was  organized  in  the  ex-USSR  at  that  time;  and  second,  a  strong  scientific 
school  of  fluorine  chemistry  existed,  headed  by  academician  Ivan  Knunjants.  All  of  the 
previous  studies  of  fluorocarbon  blood  substitutes  were  carried  out  under  the  control  of 
the  Ministry  of  Defense.  Practically  nothing  is  known  about  work  accomplished  during 
those  years.  In  the  late  seventies,  the  obvious  success  of  western  scientists  (first  of  all, 
the  beginning  of  clinical  trials  of  Japan’s  Fluosol  DA  [3])  stimulated  an  interest  in  the 
problem  not  only  on  the  part  of  military  physicians,  but  also  in  the  broad  circles  of  the 
Academy  of  Sciences,  the  Academy  of  Medical  Sciences,  the  Ministry  of  Health 
Protection,  and  the  Ministry  of  Medical  Industry.  In  1980,  the  All-State  Scientific- 
Technical  Program,  "Perfluorocarbon  in  Biology  and  Medicine"  was  adopted  [4],  The 
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TABLE  I,  Fluorocarbon  Blood  Substitutes  Which  Obtained  Permission  for  Clinical 
Trial  in  1984  [5,6].  _ _ _ 


Name 

Producer 

Perftoran  (Ftorosan) 
Institute  of  Biological 
Physics,  Acad.  Sci. 
USSR 

Pushchino 

Perfukol 

Institute  of 
Hemathology 
and  Blood  Transfusion 
Moscow 

Constituents 

Percent  (w/v) 

Perfluorodecalin  (PFD) 

13 

35 

Perfluoromethylcyclo- 

hexylpiperidine 

(PFMCP) 

6.5 

— 

Perfluorotripropylamine 

(PFTPA) 

— 

15 

Proxanol  268 

4 

2.6 

Egg  Yolk  Phospholipids 

— 

0.7 

Sorbitol 

— 

3.4 

Glucose 

0.2 

— 

Sodium  chloride 

0.60 

— 

Potassium  chloride 

0.039 

_ 

Magnesium  chloride 

0.019 

— 

Sodium  hydrophosphate 

0.02 

— 

Sodium  bicarbonate 

0.13 

— 

Mean  particle  diameter 

70-120  nm 

180  nm 

head  of  the  program  was  academician  Ivan  Knunjants,  professor  Filex  Belojartsev  was 
secretary  (more  exactly,  soul  and  vigor),  and  more  than  40  institutions  participated. 
Many  investigations  were  carried  out,  but  the  main  achievements  of  the  Program  were 
the  following: 

•  the  start  of  industrial  production  of  PFCs,  satisfying  biomedical  demands 

•  manufacture  of  extrusion  disintegrators  "Donor- 1,"  suitable  for  semi-industrial 
production  of  fluorocarbon  emulsions 

•  creation  of  semi-industrial  technology  for  the  preparation  of  sterile  and 
apyrogenic  blood  substitutes  on  the  basis  of  fluorocarbon  emulsions. 

The  main  result  of  the  Program  in  the  USSR  was  the  creation  of  two  fluoro¬ 
carbon  blood  substitutes  that  received  official  permission  for  clinical  trials  (Table  I). 

It  should  be  stressed  that  the  Perfukol  emulsion,  in  spite  of  the  positive  results 
of  pre-clinial  tests,  has  been  discovered  not  to  be  suitable  for  injection  into  humans.  It 
caused  severe  reactions,  among  them  pyrogenic  reactions;  consequently,  its  clinical  trials 
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were  stopped.  The  emulsion  Perftoran  has  withstood  the  test  more  successfully.  The 
institutions  listed  below  show  where  clinical  trials  have  been  carried  out  since  1984. 


TABLE  II.  Institutions  Participating  in  the  Perftoran  Clinical  Trials 


Institution 

Number  of 

Patients 

Burdenko’s  Main  Military  Clinical  Hospital,  Moscow 

234 

Wishnevsky’s  Institute  of  Surgery,  Moscow 

45 

Medical  Institute,  Dnepropetrovsk,  Ukraine 

27 

Institute  of  Neurosurgery  ,  Kiev,  Ukraine 

26 

Institute  of  Transplantation  and  Artificial  Organs,  Moscow 

26 

Department  of  Children  Surgery,  2nd  Moscow  Medical  Institute 

no  data 

Institute  of  Hyperbaric  Oxygenation,  Moscow 

no  data 

Before  reviewing  the  results  of  Perftoran  clinical  trials,  it  is  necessary  to  stress 
that,  first,  only  published  data  will  be  analyzed  here  and,  second,  the  data  presented  are 
incomplete  because  of  the  USSR  Ministry  of  Health  Protection’s  former  ban  on 
publication  of  results  from  clinical  trials  of  new  drugs. 

The  Military  Hospital  has  extensive  experience  with  the  clinical  application  of 
Perftoran  (including  use  of  the  blood  substitute  during  the  military  activity  in 
Afghanistan)  [7].  Consequences  of  Perftoran  use  were  acute  massive  blood  loss,  extreme 
shock  as  a  result  of  polytrauma,  alterations  of  microcirculation,  gas  exchange  and 
metabolism  in  tissues  as  a  result  of  serious  chronic  diseases,  and  postoperative 
hypovolemia.  The  Perftoran  dose  was  about  6-80  ml/kg.  The  injection  was  followed  by 
respiration  of  an  air-oxygen  mixture  with  FiO2=0.6.  The  estimation  of  Perftoran’s 
reactogenecity  (ability  to  provoke  transient  acute  reaction  at  very  low  doses  of  the 
emulsion  in  some  patients)  is  an  important  result  of  the  numerous  tests  completed  in  the 
Military  Hospital. 


TABLE  in,  Perftoran  Side^Effects  in  Conscious  Patients  (n=43). 


Enhancement  of  intestinal  peristalsis 

26 

Heartburn 

3 

Sense  of  increased  awareness 

12 

Body  temperature  raised  by  0.6°C 

5 

Cough 

3 

Hyperemia  of  skin 

4 

Pain  in  the  small  of  the  back 

5 

Acute  pain  behind  the  breastbone 

2 

1022 


OBRAZTSOV 


As  a  rule,  the  reactions  were  expressed  weakly  and  ceased  spontaneously  after 
stopping  the  infusion.  After  the  reactions  disappeared,  Perftoran  was  reinfused.  In  two 
cases  the  reaction  to  the  Perftoran  test-dose  was  extremely  severe  and  was  accompanied 
by  the  decline  of  arterial  pressure  and  bradycardia.  In  these  cases  the  infusion  was 
stopped  and  the  patients  had  to  be  injected  with  corticosteroids  and  ephedrine.  The 
physicians  of  the  Hospital  made  the  following  conclusions  based  on  the  trials: 

1.  Hemodynamic  and  anti-shock  effects  are  more  prominent  with  Perftoran  than 
with  traditional  plasma  substitutes. 

2.  Perftoran  improves  tissue  oxygenation  and  normalizes  tissue  metabolism. 

3.  Application  of  Perftoran  reduces  (by  40-60%)  the  expense  of  donor  blood 
necessary  for  restoration  of  central  hemodynamics,  peripheral  blood  flow  and 
adequate  tissue  perfusion. 

4.  There  are  no  contraindicated  conditions  for  the  use  of  Perftoran,  especially  in 
critical  situations. 

Fluorocarbon  emulsions  were  tested  as  a  medicine  for  myocardial  protection 
against  hypoxia  during  artificial  valve  implantations  at  the  Department  of  Acquired 
Valvular  Diseases,  A.  V.  Wishnevsky’s  Institute  of  Surgery,  Moscow  [8,9].  Constant 
perfusion  of  coronary  arteries  with  oxygenated  PFC  emulsion  under  perfusion  pressure 
(40-50  mmHg)  was  used  for  28  patients.  Seventeen  patients  received  a  single  injection 
of  1.5  L  oxygenated  PFC  emulsion  in  the  coronary  arteries  (cardioplegia).  Operations 
were  made  under  hypothermia  (12-19‘’C);  time  of  the  aorta  clamping  was  20-120  min. 
Experimental  and  clinical  studies  in  this  field  found  a  number  of  advantages  of  the 
fluorocarbon-containing  solutions  in  comparison  with  traditional  perfusion  and 
cardioplegia  solutions  [8-10]: 

•  increases  oxygen  supply  to  the  myocardium 

•  delays  development  of  ischemic  contracture  2-fold 

•  reduces  and  stabilizes  the  depolarization  of  heart  cell  membranes 

•  supports  a  comparatively  high  heat  production 

•  lessens  reduction  of  myocardial  pH 

•  slows  down  the  development  of  edema 

•  eliminates  the  danger  of  heart  rhythm  failure 

•  decreases  coronary  resistance 

•  diminishes  reperfiisional/reoxygenative  damage 
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•  creates  additional  relaxation  of  the  heart,  facilitating  the  surgeon’s  work 

•  reduces  the  injurous  effect  of  endogenic  catecholamines  at  the  beginning  of 
cardioplegia  and  during  reperftision 

Attempts  to  use  Perftoran  during  kidney  transplantation  have  been  undertaken 
[11].  It  should  be  noted  that  these  trials  were  conducted  more  accurately  and  the  results 
were  described  in  detail.  The  physicians  of  the  Institute  of  Transplantation  and  Artificial 
Organs,  Moscow,  made  the  donor  kidney  withdrawal  under  the  protection  of  the 
emulsion.  Kidney  withdrawal  from  a  donor  corpse  included  the  following  stages: 

•  infusion  of  1 .2-1 .6  L  of  Perftoran  1 .5-2,0  hrs  before  heart  stoppage 

•  1  h  lung  ventilation  by  100%  oxygen,  then  0.5  h  by  50%  oxygen 

•  kidney  isolation 

•  kidney  bathing  with  Collin’s  solution 

•  storage  of  kidneys  at  0-2°C  during  9-12  hrs  without  any  perfusion 

•  transplantation 


TABLE  rv.  Functions  of  the  Transplanted  Kidney  After  1  Year  (n=38). 


Characteristic 

Control 

Perftoran 

Urination  during  1  h  after  transplant 

55% 

100% 

Tubular  acute  necrosis 

45% 

24% 

Deleted  transplants 

45% 

24% 

Working  transplants 

35% 

60% 

Lethality  of  patients 

40% 

20% 

Perftoran  was  also  used  for  the  treatment  of  26  neurosurgery  patients  with  acute 
hypoxic  syndrome  (Institute  of  Neurosurgery,  Kiev,  Ukraine)  [12].  The  indications  for 
Perftoran  administration  were  acute  respiratory  failure,  chronic  heart-lung  failure,  acute 
renal  failure,  and  brain  tumors  with  intracranial  hypertension.  It  should  be  noted  that 
Perftoran  was  applied  after  unsuccessful  traditional  treatment.  The  Kiev  neurosurgeons 
have  found  improvement  of  clinical  and  biochemical  indicants  of  the  patients.  Side-effects 
and  adverse  reactions  were  not  observed  during  the  Perftoran  administration. 

A  promising  result  of  the  emulsion  treatment  of  15  acute  skull-brain  traumas  was 
obtained  by  physicians  from  the  Medical  Institute  (Dnepropetrovsk,  Ukrane)  [13].  They 
used  the  following  scheme  of  the  treatment: 

•  administration  of  oxygenated  Perftoran  at  a  dose  of  5-7  ml/kg 
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•  injection  of  sodium  oxybate  and  thiobarbiturates 

•  hyperbaric  oxygenation  (7-10  times,  1.2-1. 5,  at  60-90  min.) 

A  number  of  conclusions  were  made  by  Dnepropetrovsk’s  physicians  after 
Perftoran  application: 

1.  Perftoran  has  favorable  influences  on  gas  transport  and  rheology  of  blood. 

2.  Perftoran  improves  the  biochemical  and  neurologic  indicants  of  the  brain  and  the 
whole  organism. 

3.  The  emulsion  decreases  blood  trombogenecity  that  could  cause  hemorrhage  of 
injured  vessels. 

4.  It  is  not  necessary  to  use  special  equipment  and  conditions  during  infusion  of 
Perftoran. 

The  general  opinion  of  the  physicians  participating  in  the  trials  of  1984-1986  is 
that  Perftoran  is  a  unique  preparation  that  may  be  applied  in  the  following  clinical 
situations  [6]: 

•  acute  and  chronic  hypovolemia  (shock,  trauma) 

•  alterations  of  microcirculation  and  peripheral  circulation 

•  alterations  of  tissue  metabolism  and  gas  exchange 

•  donor  organ  protection 

•  cardioplegia 

•  regional  perfusion  and  lavage 

Analyzing  the  high  therapeutic  efficacy  of  the  Perftoran  emulsion,  it  should  be 
noted  that  this  blood  substitute  is  10%  vol/vol  fluorocarbon  emulsion  and  stabilized  by 
4%  Proxanol  268  (the  analog  of  Pluronic  F68).  It  is  well  known  that  Pluronic  F68, 
injected  into  blood  vessels  in  a  comparatively  low  dose,  demonstrates  various  effects 
which  could  be  considered  as  positive  [14].  Pluronic  F68  decreases  blood  viscosity, 
improves  microcirculation,  increases  arterial  pressure  and  diuresis,  supports  oncotic 
pressure  of  blood,  inhibits  development  of  fat  emboli,  activates  or  inhibits  various 
enzymes,  interacts  with  biological  membranes,  increases  osmotic  resistance  of  RBCs, 
inhibits  aggregation  of  blood  cells  and  affects  ion  channels  of  biological  membranes. 
Thus,  one  can  conclude  that  some  positive  properties  of  Perftoran  are  due  to  the  high 
concentration  of  Proxanol  268  in  the  emulsion. 

The  other  distinctions  of  Perftoran  are,  first,  the  small  mean  particle  diameter  of 
the  emulsion  (close  to  70-80nm)  and,  second,  the  fluorocarbon  phase  of  the  emulsion  is 
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a  mixture  of  PFD  and  PFMCP.  The  latter  is  a  slowly  expirated  PFC  with  a  relatively  low 
vapor  pressure  (2  mm  Hg)  and  a  critical  dissolution  temperature  of  40°C  in  hexene. 

The  composition  of  the  emulsion  determines  its  shortcomings.  Perftoran  has  a  low 
stability;  it  can  be  stored  for  2  weeks  at  4‘’C  or  1  year  at  -20”C.  Other  shortcomings  are 
the  impossibility  of  heat  sterilization,  the  absence  of  an  oncotic  agent,  and  blood 
complement  activation.  However,  the  reasons  for  the  temporary  stopping  of  Perftoran 
clinical  trials  in  1986  were  not  the  above-enumerated  shortcomings  of  the  blood 
substitute.  The  reasons  were  reported  elsewhere  [15].  After  the  stopping  of  the  Perftoran 
clinical  tests,  work  in  the  field  of  fluorocarbon  blood  substitutes  was  continued  in  the 
following  areas: 

In  the  field  of  safety  of  the  blood  substitutes: 

•  finishing  of  extensive  trials  of  Perftoran  carcinogenicity,  having  shown  an 
absence  of  carcinogenic  properties  of  the  emulsion 

•  proof  of  Perftoran’s  harmlessness  not  only  by  physicians,  but  also  by  inspectors 
of  USSR  General  Procurator’s  Office  and  Committee  of  State  Security  (K.G.B.). 

In  the  field  of  technology: 

•  synthesis  of  new  fluorocarbons  for  biomedical  purposes,  including 
perfluorooctylbromide 

•  preparation  of  concentrated  fluorocarbon  emulsions  stabilized  by  phospholipids 

•  organization  of  an  experimental  factory  with  an  output  about  lOOOL  of  Perftoran 
per  year 

In  the  field  of  investigations  of  emulsion  properties: 

•  studying  of  biological  effects  of  Proxanols 

•  experimental  analysis  of  emulsion  effects  that  were  discovered  during  clinical 
trials 

•  studies  of  fluorocarbon  emulsion  stability 

•  activation  of  liver  microsome  enzymes  by  perfluorochemicals 

•  reactogenecity  of  fluorocarbon  emulsions  stabilized  by  Proxanols 
Concerning  fluorocarbon  blood  substitutes  in  Russia  today,  it  may  be  noted  that 

"Perftoran"  Pharm.  Comp.,  Pushchino  produces  the  blood  substitute  Perftoran.  Clinical 
trails  started  in  September  1992  and  are  being  continued  at  the  present  time  [6].  Over  100 
patients  were  infused  with  the  new  Perftoran  emulsion  since  September  1992.  A  decrease 
in  the  homogenization  pressure  during  preparation  of  the  emulsion,  as  well  as  application 
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of  the  netropenic  test  of  Perftoran  before  its  use  in  clinics,  provided  the  absence  of  any 
adverse  reactions  in  the  patients  after  the  blood  substitute  infusion  [6,  16]. 

"Nizar"  Pharm.  Comp.,  Moscow  produces  and  sells  various  fluorocarbon 
emulsions  for  use  as  a  component  of  cosmetics  and  therapeutic  ointments  [17]. 

Some  scientific-technical  programs  (both  state  and  private)  concerning 
fluorocarbon  blood  substitutes  are  being  formed  now  in  Russia.  However,  taking  into 
account  that  the  blood  substitute  problem  is  national,  one  can  understand  that  the  further 
progress  of  fluorocarbon  blood  substitutes  in  Russia  will  depend  on  the  political  and 
economic  situation  of  the  country.  In  any  case,  Russia  still  has  a  considerable  potential 
to  produce  various  fluorocarbon  blood  substitutes. 
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ABSTRACT 

The  physiological  redistribution  of  perfluorocarbon  (PFC)  compounds  to  liver, 
spleen,  bone  marrow,  and  lung  after  intravenous  (IV)  or  intraperitoneal  (IP)  admini¬ 
stration  of  PFC  emulsions  affords  the  unique  opportunity  for  non-invasive  monitor¬ 
ing  of  oxygenation  status  of  these  organs  and  tissues  utilizing  fluorine  (F-19) 
nuclear  magnetic  resonance  (NMR)  imaging  techniques.  PFCs  also  may  be  intro¬ 
duced  directly  into  the  pulmonary  airways  by  procedures  such  as  liquid  ventilation, 
intratracheal  instillation,  or  aerosol  inhalation.  Considerations  of  importance  when 
establishing  methodology  for  accurate  quantitation  of  oxygen  partial  pressure  (pOa) 
in  vivo  using  F-19  NMR  include:  1.)  error  analysis  of  the  calibration  curves  which 
relate  p02  to  the  measured  PFC  F-19  relaxation  rate,  2.)  optimization  of  the  NMR 
pulse  sequence  for  efficient  oxygen  sensitive  data  acquisition  and,  3.)  fluorine 
signal  independence  from  emulsion  aqueous  phase  bioconstituents.  The  porcine 
model  was  investigated  at  0.14T  following  IV  or  IP  administration  of  the  PFC  emul¬ 
sion  containing  perfluorotributylamine  (FC-43)  to  demonstrate  the  capability  for 
tracking  oxygen  with  F-19  NMR  from  the  lung  through  the  blood  to  selected  organ 
tissues.  Quantitative  p02  projection  images  and  isobaric  contour  graphs  were  deriv¬ 
ed  for  the  liver,  spleen,  and  lungs  as  a  function  of  inspired  oxygen.  Blood 
p02  levels  in  aorta,  pulmonary  artery,  and  hepatic  vein  were  monitored  simultan¬ 
eously  with  NMR  imaging  for  correlative  analysis. 
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INTRODUCTION 

The  potential  for  in  vivo  oxygen  sensitive  imaging  and  quantitation  of  p02  in 
blood,  organs,  tissues,  and  other  anatomic  spaces  containing  perfluorocarbon 
(PFC)  compounds  utilizing  F-19  NMR  techniques  as  based  on  the  paramagnetic 
effect  of  dissolved  oxygen  which  reduces  the  F-19  spin-lattice  relaxation  parameter 
(Tl)  has  been  investigated  extensively  [1-7].  (Note:  Conceptually  similar  spin- 
spin  relaxation  (T2)  based  techniques  for  monitoring  p02  will  not  be  addressed  in 
this  manuscript  [3].)  One  of  our  long-term  research  objectives  is  to  establish  effica¬ 
cious,  non-invasive  F-19  NMR  methodology  for  accurate  quantitation  of  oxygen 
tension  in  vivo  with  clinically  practical  levels  of  PFC  blood  substitute  emulsions. 
This  paper  illustrates  the  utility  of  calculated  p02  images  in  assessing  regional  oxy¬ 
genation  status  and  physiologic  viability  of  organs  and  tissues.  A  porcine  model  is 
used  to  demonstrate  the  comprehensive  capability  for  tracking  oxygen  distribution 
with  F-19  NMR  from  the  lungs  through  the  blood  to  organ  tissues  sequestering 
PFCs. 

MATERIALS  AND  METHODS 

Oxygen  Enhanced  Imaging:  Paramagnetic  agents  which  reduce  Tl  may  be 
used  to  enhance  the  NMR  signal  under  Tl  sensitive  data  acquisition  protocols. 
Thus,  anatomic  regions  accumulating  the  agents  gain  contrast  relative  to  adjacent 
non-accumulating  tissue  and  appear  brighter  in  the  MR  image.  The  intrinsic  para¬ 
magnetic  property  of  molecular  oxygen  coupled  with  its  high  solubility  in  fluorocar¬ 
bons  may  be  utilized  to  provide  oxygen  enhanced  imaging  of  sites  containing  the 
PFCs  through  reduction  of  the  fluorocarbon  phase  Tl.  Figure  1  provides  a  qualita¬ 
tive  illustration  of  this  signal  enhancement  [8]. 

Calculated  pOi  Images:  The  desired  endpoint  is  to  derive  a  quantitative  p02 
image  or  map  which  provides  direct  readout  in  partial  pressure  of  oxygen  (e.g., 
p02  in  torr).  The  first  step  entails  F-19  data  acquisition  under  a  Tl  sensitive  NMR 
pulse  protocol  as  required  for  producing  a  calculated  Tl  image  (see  below).  In  this 
process,  a  fluorine  distribution  image  also  may  be  obtained  with  regional  intensity 
related  to  the  fluorine  (PFC)  concentration  as  well  as  to  p02  (Figure  lb).  Most 
PFC  NMR  spectra  exhibit  multiple  lines  of  varying  intensity  as  a  result  of  non¬ 
equivalent  chemical  environments  of  the  individual  fluorine  atoms  within  a  given 
molecule.  Our  experimental  protocol  involves  acquisition  of  this  entire  spectrum 
with  application  of  computerized  deconvolution  algorithms  allowing  improved 
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signal-to-noise  characteristics  and  image  reconstruction  free  of  interfering  chemical 
shift  artifacts  [9,10].  A  calculated  T1  image  is  obtained  after  appropriate  computer 
processing  of  the  T1  encoded  F-19  data.  The  next  step  is  to  transform  the  calc¬ 
ulated  T1  image  into  the  desired  p02  map.  The  linear  relationship  between  the  long¬ 
itudinal  relaxation  rate  1/Tl  and  p02  has  been  well  established  [1,11,12].  This 
linear  correlation  which  depends  upon  the  specific  PFC,  temperature,  and  magnetic 
field  strength  defines  a  calibration  curve  relating  measured  T1  values  to  p02  (see 
Figure  2).  Thus,  application  of  the  appropriate  calibration  function  to  the  calculated 
T1  data  set  yields  the  desired  p02  image  (Figure  Ic,  d). 

Determination  of  the  uncertainty  associated  with  the  calculated  p02  values  is  of 
critical  importance.  Under  the  assumption  that  the  selected  calibration  curve  is  ap¬ 
propriate  for  the  physiological  temperature  of  the  imaged  organ(s),  the  main  source 
of  error  involves  accuracy  of  the  calculated  T1  values.  We  conservatively  estimate 
the  T1  uncertainty  to  be  ±  5%  for  our  system  operating  at  0.14T.  Detailed  error  pro¬ 
pagation  analysis  for  the  perfluorotributylamine  (FC-43)  (Figure  2)  and  perfluoro- 
octylbromide  (perflubron  or  PFOB)  calibration  curves  under  this  constraint  was 
used  to  characterize  the  uncertainty  in  pC)2.  The  uncertainty  (a  function  of  pC)2)  was 
found  to  range  from  ±  9  to  ±  16  torr  for  FC-43  and  ±  3  to  ±  11  torr  for  PFOB 
when  increasing  the  p02  from  1  to  150  torr.  An  accuracy  of  ±  5  torr  in  the  physio¬ 
logically  relevant  p02  range  is  predicted.  Higher  magnetic  field  strength  may  suc¬ 
ceed  in  narrowing  these  confidence  limits. 

NMR  Pulse  Sequences:  Fundamental  to  the  process  of  producing  quantita¬ 
tive  p02  maps  is  the  ability  to  acquire  accurate  calculated  T1  images  in  vivo  through 
implementation  of  practical  imaging  protocols.  A  desirable  protocol  would  provide 
calculated  T1  data  within  a  single  imaging  sequence  in  order  to  minimize  artifacts  as¬ 
sociated  with  subject  motion  or  other  experimental  instabilities  which  might  occur 
during  a  repeated  sequence.  In  addition,  utilization  of  an  efficient  single  imaging  se¬ 
quence  would  assist  in  reducing  data  acquisition  time  and  thus  help  to  offset  the  in¬ 
creased  time  associated  with  F-19  signal  averaging  necessitated  by  the  relatively 
low  signal-to-noise  characteristics  of  PFCs  in  vivo  [8].  An  example  of  the  satura¬ 
tion  recovery/inversion  recovery  (SR/IR)  pulse  protocol  [13]  implemented  for  the 
2D  projection  images  shown  in  this  paper  is  provided  in  Figure  3.  In  brief,  two 
data  sets  (spin  echoes  S  i  and  S2)  are  acquired  in  the  single  sequence.  The  ratio 
R  =  S 1/S2  is  a  function  of  T1  as  well  as  the  various  timing  parameters  ta,  x,  and  t  b- 


1032 


THOMAS  ET  AL. 


FIGURE  1:  A  qualitative  illustration 
of  the  potential  for  oxygen  sensitive 
F-19  MR  imaging  in  the  porcine  mod¬ 
el  two  days  post  IP  administration  of 
the  FC-43  based  emulsion  Oxypher- 
ol-ET.  Field  strength  0.14T  (5.96 
MHz  proton;  5.61  MHz  fluorine), 
(a)  Coronal  proton  image  serving  as 
an  anatomic  localizer  (5  mm  slice 
thickness),  (b)  Spin  echo  F-19  pro¬ 
jection  image.  Organs  labeled:  liver 
(LIV),  spleen  (SP),  right/  left  lungs 
(RL/LL).  (c)and(d)  Calculated  p02 
projection  images  (derived  from  calcu¬ 
lated  T1  images  and  the  calibrated  re¬ 
lationship  to  PO2)  under  conditions 
of  normal  (ambient  air)  and  enhanced 
oxygen  (-250  torr)  inspiration  respec¬ 
tively  [from  References  8  and  14]. 
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FIGURE  2:  FC-43  calibration  curves 
as  a  function  of  temperature  at  0.14T. 


Saturation-Recovery/  Inversion  Recovery 
Pulse  Sequence  for  Obtaining  Calculated 
T1  Images 


_ 1  ~2  e~0b  ~  -I-  _ 

1-2  +26"^^ ■*■*3 


FIGURE  3:  Saturation  recovery/inver¬ 
sion  recovery  NMR  pulse  sequence 
sensitive  to  T1  [13].  SI  and  S2  repre¬ 
sent  the  two  echo  signals  acquired  in 
the  sequence.  R  =  S 1/S2 
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A  look-up  table  based  on  the  analytical  expression  for  R  is  used  to  determine  T1 
from  the  measured  SI  and  S2  echo  intensities.  We  have  sought  to  optimize  these 
parameters  for  maximum  accuracy  in  the  calculated  T1  image  [14],  The  optimal 
values  are  found  to  be  dependent  on  p02  as  well  as  on  in  vivo  S/N  ratio.  Thus, 
sequences  tailored  to  a  specific  p02  range  are  required. 

Our  current  focus  is  on  performance  evaluation  of  fast  gradient  recalled  echo 
(GRE)  3D-volume  acquisition  imaging  protocols  for  p02  quantitation.  These 
sequences  provide  the  potential  advantage  of  improved  S/N  ratios  through  utiliza¬ 
tion  of  shorter  echo  times  (TE)  and  elimination  of  slice  misregistration  artifacts  due 
to  the  large  PFC  F-19  chemical  shift  characteristics.  In  addition,  they  offer  the  flexi¬ 
bility  of  variable  slice  plane  orientation  and  thickness  through  post  processing  [15]. 

Aqueous  Environment  Considerations:  The  potential  for  quantitative  oxy¬ 
gen  sensitive  F-19  NMR  imaging  of  PFC  compounds  in  vivo  requires  that  fluoro¬ 
carbon  T1  changes  correlate  with  the  local  oxygen  tension  (p02)  and  not  with  com¬ 
position  of  the  surrounding  immiscible  aqueous  phase  [16].  We  have  conducted  a 
series  of  experiments  to  evaluate  the  influence  of  varied  bioconstituents  and 
paramagnetic  ions  within  the  aqueous  phase  on  the  F-19  fluorocarbon  phase  T1 
over  the  range  0.14  to  0.66T  for  two  commercial  PFC  containing  emulsions  and  a 
polyfluorinated  surfactant.  The  emulsions  included:  a.)  Oxypherol-ET  containing 
20  w/v%  perfluorotributylamine  (FC-43)  [17],  and  b.)  Oxygent-HT  containing 
90  w/v%  perfluorooctylbromide  (PFOB  or  perflubron)  [18,19].  The  surfactant, 
known  as  XMO-10  (10  w/v%),  has  the  chemical  formula  C3F70(CF2)3 
C0NH(CH2)3  N0(CH3)2  [16,20].  The  commercial  emulsions  are  opaque  (milky 
white)  with  a  mean  particle  size  in  the  range  0.1  to  0.2  pm.  The  transparent  nature 
of  XMO-10  suggests  a  significantly  smaller  particle  size  (perhaps  0.001  to 
0.01  pm)  [21].  However,  the  possibility  does  exist  that  this  transparency  might 
result  from  serendipitous  matching  of  indices  of  refraction  and,  therefore,  XMO-10 
might  not  be  a  true  microemulsion.  Controlled  variables  introduced  within  the 
emulsion  aqueous  phase  included  annex  solution  constituents  of  the  emulsion  base, 
blood  admixture,  pH  regulation  (pH  6  to  1 1),  and  gadolinium  DTPA  paramagnetic 
complex  (0.01  to  1.0  mmol/L  emulsion,  Magnevist®,  Berlex  Laboratories,  Wayne, 
New  Jersey,  USA).  The  fluorocarbon  T1  was  independent  (as  desirable)  of  the 
emulsion  base  constituents,  blood  concentration,  and  pH  over  the  test  range.  The 
F-19  T1  for  Oxypherol-ET  shown  in  Figure  4  is  independent  of  the  Gd-DTPA 
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FIGURE  4:  T1  values  for  the  Oxy- 
pherol-ET  emulsion  as  a  function  of 
Gd-DTPA  concentration  in  the  aque¬ 
ous  phase.  Fluorocarbon  phase 
(F-19)  T1  values  were  measured  at 
two  magnetic  field  strengths  (0,14T 
and  0.66T)  while  proton  (H-1)  T1 
values  were  determined  at  0.66T. 


concentration  within  experimental  uncertainty  while  the  aqueous  phase  proton  (H-1) 
T1  dropped  by  more  than  one  order  of  magnitude.  Similar  results  were  observed 
for  Oxygent-HT.  For  XMO-10,  with  the  smallest  particle  size  (possibly  10  to  100 
times  smaller  than  those  for  the  commercial  emulsions),  results  at  0.66T  suggested 
a  slight  decrease  in  the  F-19  T1  (~12%)  toward  the  highest  Gd-DTPA 
concentrations.  This  effect  is  consistent  with  aqueous  phase  surface  interaction 
being  non-negligible  relative  to  the  bulk  volume  characteristics  when  the  fluorocar¬ 
bon  particle  size  is  reduced  to  dimensions  approaching  the  order  of  the  paramagnet¬ 
ic  range. 

PFC  Routes  to  the  Pulmonary  Airway:  This  paper  is  intended  primarily 
as  an  illustration  of  quantitative  p02  imaging  of  organs  in  vivo  including  lung  in  a 
porcine  model  following  IP  administration  of  the  commercial  PFC  emulsion,  Oxy- 
pherol-ET.  However,  the  lung  is  unique  in  that  two  routes  for  PFC  distribution  to 
the  alveoli  are  available:  1.)  transport  through  the  vascular  compartment  after  IV  or 
IP  administration  and  2.)  direct  introduction  via  external  airway  (liquid  ventilation. 
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intratracheal  instillation,  or  aerosol  inhalation).  Immediately  following  isovolumic 
exchange  of  blood  for  Oxypherol-ET  to  attain  a  5%  fluorocrit  (estimated  10  g% 
FC-43  per  100  mL  blood),  the  opportunity  is  present  for  oxygen  sensitive  visuali¬ 
zation  of  the  vascular  system.  Figure  5  illustrates  this  capability  in  the  pig  heart. 
Gated  projection  F-19  images  of  the  heart  chambers  (blood  pool)  under  conditions 
of  lung  ventilation  with  21  and  95%  oxygen  (Fi02  =  0.21  and  0.95)  are  shown  in 
correlation  with  the  slice  selected  proton  image  gated  at  the  same  point  in  the  cardiac 
cycle.  Oxygen  enhancement  is  demonstrated  both  in  comparison  of  the  signal 
strengths  between  the  two  F-19  images  at  different  Fi02  (Figures  5b  and  5c)  and 
also  within  an  image  (Figure  5b)  where  the  oxygen  depleted  mixed  venous  blood  in 
the  right  heart  is  less  intense  than  the  oxygen  rich  arterial  blood  in  the  left  heart. 

Porcine  Model  Preparation:  Young  domestic  swine  were  administered  an 
IP  injection  of  50  mL  Oxypherol-ET  emulsion  (-  lOg  FC-43)  per  kilogram  body 
weight  3  to  6  days  prior  to  the  MR  imaging.  Indwelling  catheters  were  placed  in 
the  aorta  (systemic  arterial),  pulmonary  artery  (mixed  venous),  and  hepatic  vein 
(hepatic  venous)  allowing  vascular  sampling  simultaneous  with  the  MR  imaging  as 
a  direct  method  of  monitoring  circulatory  system  p02  which  define  organ  supply  or 
drainage  sites.  The  anesthetized  animals  were  supported  with  mechanical  ventila¬ 
tion  during  MR  imaging  with  fraction  inspired  oxygen  (Fi02)  controlled  from  0.21 
(ambient  air)  to  0.95  with  15  to  30  minutes  allowed  for  equilibrium  between  each 
step.  Airway  (trachea)  p02  was  monitored  also  through  direct  gas  sampling. 
Blood  and  air  samples  were  analyzed  for  oxygen  partial  pressure  on  a  BMS  Mark  3 
Radiometer  Clinical  Gas  Analyzer.  All  porcine  imaging  was  performed  at  0.14T  on 
our  low-field,  custom-designed  MR  research  system  [22]. 

RESULTS 

An  example  of  the  data  image  sets  obtained  are  shown  in  Figure  1  including  the 
proton  (H-1)  image  providing  anatomic  correlation,  the  F-19  spin  echo  image  dem¬ 
onstrating  PFC  biodistribution,  and  the  calculated  p02  images  enabling  quantitative 
p02  readout  via  region-of-interest  interrogation.  Figure  6  illustrates  contour  projec¬ 
tion  map  presentation  providing  direct  visual  indication  of  regional  p02  distribution. 
A  total  of  five  (5)  pigs  were  studied  under  the  IP  administration  protocol.  Table  1 
provides  the  data  for  one  animal  (different  from  that  of  Figure  6).  In  general,  for 
lung  parenchyma,  the  p02  maps  demonstrated  a  heterogenous  distribution  of  oxy¬ 
gen  with  maximum  p02  values  tracking  inspired  oxygen.  For  liver,  only  a  modest 
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FIGURE  5:  Porcine  model,  blood 
contains  ~  lOg  FC-43  per  100  mL; 
0.14T;  gated  80  ms  after  onset  of  ven¬ 
tricular  systole,  (a)  Dorsal  view,  coro¬ 
nal  proton  image  (10  mm)  of  an  anes¬ 
thetized  pig  at  the  level  of  the  cardiac 
atria,  (b)  and  (c)  Dorsal  view  F-19 
projection  images  at  the  same  point  in 
the  cardiac  cycle  during  95%  oxygen 
(b)  and  21%  oxygen  (c)  breathing. 
Organs  labeled:  trachea  (T),  left/right 
atrium  (LA/RA),  left  ventricle  (LV), 
liver  (LI). 
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FIGURE  6:  p02  contour  maps  for  the  porcine  model  at  0.14T  under  conditions  of 
three  varied  inspired  oxygen  levels:  Low  =  room  air,  Mid  =1.5  L/min  O2  supple¬ 
mental;  High  =  3.5  L/min  O2  supplemental. 


TABLE  I:  p02  Quantitation  (Pig  #3930) 


Relative 

Inspired 

Oxygen 

Direct  p02  measurement 
(torr) 

Calculated  p02 
(torr:  mean  ±  error) 

(suppl.  O2) 

Arterial 

(Aorta) 

Venous 

(Hepatic 

Vein) 

Pulmo¬ 

nary 

Artery 

Airway 

Right 

Lung 

Left 

Lung 

Liver 

Spleen 

83 

36 

41 

129 

44  ±  11 

33±  10 

7±9 

23+10 

qIIb 

130 

39 

47 

135 

112+14 

96±  13 

11±9 

43±  11 

215 

37 

48 

320 

246  ±  21 

239  ±  20 

30+10 

75±  12 

High 

(5.0  L/min) 

319 

38 

51 

426 

354  +  26 

262  ±  21 

26+10 

167  ±  17 

rise  in  p02  values  was  observed  when  Fi02  was  increased  significantly.  This  res¬ 
ponse  is  consistent  with  hepatic  venous  blood  p02  variation.  However,  as  the  liver 
receives  both  systemic  arterial  (hepatic  artery)  and  venous  (portal  vein)  blood,  it  is 
uncertain  at  present  as  to  the  most  appropriate  correlative  vascular  pool  source  for 
the  calculated  tissue  p02  values.  The  spleen,  a  dynamically  contractile  organ  with 
arterial  supply,  might  be  expected  to  reflect  arterial  blood  most  closely.  In  three  ani- 
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FIGURE  7:  Porcine  apical  lobe  pathology:  a  demonstration  of  the  potential  for 
identification  of  regions  of  compromised  p02.  Low  p02  values  are  manifest  as  a 
signal  deficit  in  the  upper  right  lung  (arrow).  At  autopsy,  the  right  apical  lobe 
presented  with  a  pneumonia-type  pathology. 


mals,  the  spleen  did  exhibit  dramatic  elevation  in  p02  at  the  highest  Fi02  (example 
Table  1)  while  for  the  others,  little  enhancement  was  observed  (example  Figure  6), 

A  demonstration  of  the  potential  for  identification  of  pathologic  status  and  tissue 
viability  is  provided  in  Figure  7.  The  spin  echo  image  presents  normal  PFC  distri¬ 
bution  through  all  organs  including  the  right  lung.  However,  the  calculated  p02 
projection  image  indicates  abnormally  low  p02  values  manifest  as  a  signal  deficit  in 
the  upper  right  lung.  On  autopsy,  the  right  apical  lobe  was  found  to  be  non-inflated 
and  to  have  the  appearance  of  a  pneumonia  type  pathology  (fiUed  with  water)  with  a 
dark  red  color  (rather  than  the  normal  pink). 

A  final  adaptation  of  the  model  entailed  euthanasia  of  one  pig  within  the  MR  mag¬ 
net.  Maintaining  post  mortem  cyclical  inflation  of  the  in  situ  lung  under  varied  oxy¬ 
gen  levels,  the  calculated  p02  distribution  in  the  lung  was  similar  to  that  obtained  in 
the  living  pig  prior  to  euthanasia  (i.e.,  reflective  of  inspired  airway  p02)  while  the 
values  in  liver  and  spleen  dropped  to  --  0  p02  as  expected  during  circulatory  arrest. 
Thus,  this  study  supports  the  hypothesis  that  in  vivo  p02  lung  images  obtained  by 
F-19  NMR  under  normal  circulation  are  informative  of  the  alveolar  p02  conditions 
and  not  of  the  pulmonary  arterial,  capillary,  or  venous  blood  p02  status. 
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DISCUSSION 

A  porcine  model  has  been  used  to  demonstrate  non-invasive  quantitation  of  or¬ 
gan  oxygenation  in  vivo  with  F-19  NMR  imaging  of  PFC  resident  in  selected  tis¬ 
sues.  The  MR  techniques  employed  must  be  optimized  for  maximum  efficiency  to 
minimize  uncertainty  in  the  calculated  p02  images.  An  accuracy  of  ±  5  torr  within 
the  pC)2  range  of  physiological  interest  is  predicted  to  be  achievable  at  low  magnetic 
fields.  Tissue  p02  maps  may  be  utilized  to  track  tissue  oxygen  distribution  and  to 
monitor  physiologic  function/status  in  correlation  with  inspired  oxygen  levels.  Tis¬ 
sue  specific  oxygen  delivery  efficiency  may  be  evaluated  and  local  regions  of  com¬ 
promised  p02  identified.  As  a  specific  organ,  the  lung  presents  an  exciting  horizon 
of  opportunity  for  unique  physiologic  monitoring  in  association  with  the  dual  routes 
of  PFC  delivery;  namely,  internal  (vascular)  and  external  (airway). 
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PHARMACOKINETICS  AND  SIDE  EFFECTS  OF 
PERFLUOROCARBON-BASED  BLOOD  SUBSTITUTES 

Stephen  F.  Flaim,  Ph.D. 

Alliance  Pharmaceutical  Corp.,  San  Diego,  CA  92121 
ABSTRACT 

Perfluorochemicals  are  fluorine-saturated  carbon-based  molecules  which 
demonstrate  utility  in  the  areas  of  imaging  and  oxygen  delivery.  In  general,  these 
molecules  are  biologically  inert  and,  therefore,  do  not  pose  toxicologic  risk  from  metabolic 
degradation.  Intravenous  (i.v.)  perfluorocarbon  (PFC)  emulsions  are  cleared  from  the 
blood  through  a  process  involving  phagocytosis  of  emulsion  particles  by 
reticuloendothelial  macrophages  (RES)  and  ultimate  elimination  through  the  lung  in 
expired  air.  RES  phagocytosis  of  PFC  emulsion  particles  leads  to  characteristic, 
predictable,  and  reversible  biological  effects  that  are  a  consequence  of  a  normal  host- 
defense  mechanism.  This  mechanism  is  characterized  by  dose-related  stimulation  of 
macrophages  and  subsequent  release  of  intracellular  products  (particularly  metabolites  of 
the  arachidonic  acid  cascade  and  cytokines)  which  are  responsible  for  most  of  the 
biological  effects  associated  with  i.v,  PFC  emulsions  (i.e.,  cutaneous  flushing  and  fever  at 
lower  doses,  and  macrophage  hypertrophy  and  recruitment  at  higher  doses).  These 
biological  effects  are  reversible,  and  do  not  result  in  any  permanent  tissue  alteration,  even 
with  prolonged  exposure  at  relatively  high  doses.  The  rate  of  PFC  elimination  from  the 
RES  is  proportional  to  the  vapor  pressure  of  the  PFC,  inversely  proportional  to  molecular 
weight  and  positively  influenced  by  lipophilicity.  This  dose-dependent  respiratory 
excretion  occurs  with  no  evidence  of  metabolic  products.  Repeated  administration  of  high 
doses  of  PFC  emulsion  may  lead  to  a  saturation  of  the  RES-mediated  clearance  capacity, 
resulting  in  a  redistribution  of  PFC  to  non-RES  tissues  and  ingestion  by  resident  or  mobile 
macrophages.  This  condition  is  benign  with  respect  to  the  integrity  of  the  surrounding 
parenchyma,  as  well  as  to  the  macrophages  themselves.  Increased  pulmonary  residual 
volume  (IPRV)  due  to  pulmonary  gas  (air)  trapping,  a  reversible  side  effect,  has  been 
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observed  with  i.v.  doses  of  PFC  emulsion  in  some  animal  species.  The  gross 
morphological  change  associated  with  IPRV  is  not  accompanied  by  any  histological 
alteration  other  than  the  appearance  of  vacuolated  macrophages  (characteristic  of  the  normal 
clearance  mechanism)  and  some  minor,  increased  interalveolar  cellularity.  Animal  lungs 
affected  by  IPRV  have  a  normal,  pale  pink  appearance  with  no  visible  lesions  or  signs  of 
edema.  The  degree  of  IPRV  is  dependent  on  species,  PFC  dose,  and  type  of  PFC 
administered;  PFCs  with  higher  vapor  pressures  produce  the  most  severe  cases  of  IPRV  in 
sensitive  species.  Species  sensitivity  depends  upon  physiological  and  morphological 
characteristics.  There  is  no  evidence  indicating  that  IPRV  occurs  in  humans.  Although  i.v. 
PFC  emulsions  may  elicit  minor  untoward  effects,  these  effects  are  reversible  and,  at 
clinically  relevant  doses,  do  not  pose  a  toxicologic  risk. 

INTRODUCTION 

Perfluorocarbons  (PFCs),  as  a  class,  have  an  inherent  chemical  and  biological 
stability  associated  with  the  strength  of  the  carbon-fluorine  bond  [1]  and  the  physical 
arrangement  of  the  atoms  in  the  molecule.  The  electronegative  fluorine  atoms  form  a 
dense  electron  coating  around  the  molecule  that  shields  the  molecule  from  chemical  attack 
[2].  As  a  result,  PFCs  are  not  degraded  by  other  chemicals  except  under  extreme,  non 
biological  conditions [2].  PFCs  with  biologically  appropriate  vapor  pressures  and 
molecular  weights  are  no  more  toxic  than  polytetrafluoroethylene  (i.e.  Teflon®),  a 
chemically  similar  molecule  with  well-documented  chemical  and  biological  inertness  [3]. 

Due  to  their  insolubility  in  water,  PFCs  must  be  emulsified  before  they  can  be 
administered  parenterally.  The  first  PFC  emulsions  intended  for  medical  use  were 
developed  in  the  late  1960s,  and  the  first  commercially  available  PFC  emulsion,  Fluosol®, 
was  produced  in  1974  by  Green  Cross  Corp.  of  Japan.  Fluosol  is  a  20%  w/v  PFC 
emulsion  (14  g/dL  perfluorodecalin  and  6  g/dL  perfluorotripropylamine)  which  contains 
egg  yolk  phospholipid  (EYP)  and  poloxamer-188  as  the  emulsifying  agents  and  requires 
frozen  storage  and  must  be  used  within  7-8  hours  of  reconstitution.  Fluosol  was  first 
investigated  in  the  United  States  as  an  oxygen-carrying  blood  substitute,  and  clinical  trials 
for  this  indication  have  been  conducted.  During  these  trials,  patients  received  doses  of  up 
to  5.0  g  PFC/kg.  Fluosol  has  received  approval  for  use  during  percutaneous  transluminal 
coronary  angioplasty  (PTCA)  in  the  United  States  and  in  the  United  Kingdom.  To  date, 
Fluosol  and  related  emulsion  products  have  been  administered  safely  to  over  1500  patients 
and  subjects  worldwide. 
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In  1986,  emulsions  with  significantly  higher  PFC  concentration  (up  to  100%  wA^ 
PFC)  than  previously  achieved  were  developed  by  Alliance  Pharmaceutical  Corp.  The 
PFC  used  in  these  high-concentration  emulsions  is  perflubron  (perfluorooctyl  bromide),  a 
linear  brominated  fluorocarbon  with  the  chemical  composition  CF3  (CF2)6CF2B*'- 
Perflubron  emulsions  contain  a  pharmaceutical  grade  EYP  and  are  stable  for  several 
months  at  room  temperature.  Perflubron  emulsions  are  currently  under  development  as 
diagnostic  contrast  agents  for  use  with  major  imaging  modalities  (perflubron  emulsions 
receive  their  radiopacity  from  the  terminal  Br  atom  of  the  perflubron  molecule),  as  a 
temporary  oxygen  carrier  during  surgical  procedures,  and  for  adjunctive  treatment  for  use 
in  various  cardiovascular  and  cancer  applications.  Considerable  progress  has  been  made  in 
the  understanding  of  the  clinical  side-effect  profile  of  i.v.  administered  perflubron 
emulsion. 

RETICULOENDOTHELIAL  SYSTEM 
Following  the  i.v.  injection  of  perflubron  emulsion,  the  emulsion  particles  (EYP- 
coated  perflubron)  undergo  opsonization  (binding  of  plasma  proteins  to  circulating 
emulsion  particles),  a  process  which  promotes  recognition  of  the  emulsion  particles  by 
cells  of  the  reticuloendothelial  system  (RES)  and  facilitates  phagocytosis.  Opsonization  is 
a  normal,  characteristic  response  to  the  introduction  of  particulates  (including  fat 
emulsions,  liposomes,  and  PFC  emulsions)  into  the  blood.  The  opsonized  emulsion 
particles  are  cleared  from  the  blood  by  RES  phagocytosis,  with  the  liver,  spleen,  and  bone 
marrow  accounting  for  essentially  all  of  the  removal.  Opsonization  and  clearance  of 
emulsion  particles  by  RES  cells  occurs  relatively  quickly  and  results  in  the  rapid  removal 
of  these  particles  from  the  circulation  [circulating  half-life  (ti/2)  of  approximately  4  to  10 
hours]. 

INCREASED  PULMONARY  RESIDUAL  VOLUME 
While  RES  phagocytosis  is  the  primary  means  by  which  a  perflubron  emulsion  is 
removed  from  the  circulation,  a  minor  component  of  initial  blood  clearance  involves  direct 
vaporization  and  exhalation  of  perflubron.  As  the  circulating  emulsion  particles  pass 
through  the  pulmonary  capillaries,  PFC  is  transported  across  the  blood-air  interface  and  is 
eliminated  into  alveolar  air  as  a  vapor.  This  direct  vaporization  of  perflubron  from  the 
circulation  may  contribute  directly  to  a  phenomenon  observed  in  some  animal  species 
referred  to  as  PFC-induced  increased  pulmonary  residual  volume  (IPRV).  IPRV  is 
characterized  by  lungs  which  fail  to  deflate  normally  when  the  thorax  is  opened  at  necropsy 
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and  has  been  reported  in  association  with  the  i.v,  administration  of  various  PFC  emulsions 
[4-10].  Pulmonary  gas  (air)  trapping  is  the  mechanism  hypothesized  to  be  responsible  for 
IPRV.  There  is  some  evidence  to  suggest  an  interaction  between  lung  surfactant  and  PFC 
that  may  contribute  to  air  trapping  in  the  lung;  foam  or  air  bubble  production  is  observed  in 
vitro  when  PFC  is  added  to  lung  surfactant.  Similarly,  foam  is  released  from  IPRV  lungs 
(i.e.,  lungs  that  have  trapped  air  and  do  not  deflate)  when  cut  at  necropsy.  The  gross 
morphological  change  associated  with  IPRV  (increased  lung  volume  due  to  trapped  air)  is 
not  accompanied  by  any  histological  alteration  other  than  the  appearance  of  vacuolated 
macrophages  (characteristic  of  the  clearance  mechanism)  and  some  minor,  increased 
interalveolar  cellularity.  Lungs  affected  by  IPRV  have  a  nonnal,  pale  pink  appearance  with 
no  visible  lesions  or  signs  of  interstitial  pulmonary  edema. 

Dose-dependent  IPRV  has  been  observed  to  occur  within  a  few  days  following 
intravenous  (i.v.)  administration  of  PFC  emulsion  in  some  animal  species  (rats,  rabbits, 
domestic  swine,  and  cynomolgus  monkeys).  Reversal  of  IPRV  is  also  dose-dependent. 
IPRV  associated  with  i.v.  perflubron  emulsion  administration  is  resolved  completely 
within  3  to  4  weeks  following  clinically  relevant  doses.  At  higher  doses  of  perflubron 
emulsion  (i.e.,  5.4  g  PFC/kg  in  swine,  8.1  g  PFC/kg  in  rabbits,  and  8.1  and  10.8  g  PFC/kg 
in  monkeys)  observations  of  respiratory  distress  (dyspnea,  rapid  and/or  labored  breathing) 
have  been  associated  with  postmortem  findings  of  increased  lung  volume.  Lethalities  were 
also  observed  at  these  doses  in  sensitive  species.  However,  a  direct  relationship  linking 
the  lethality  to  IPRV  has  not  been  established.  In  comparison,  i.v.  Fluosol  resulted  in 
moribund  sacrifices,  and/or  death  in  rabbits  (2.7  g  PFC/kg)  and  monkeys  (9  g  PFC/kg) 
with  no  signs  of  IPRV  reversal  at  3  weeks  (rabbits)  or  6  weeks  (monkeys)  postdosing. 
Again,  a  direct  relationship  of  lethality  in  these  F/woi'C*/ -treated  animals  to  IPRV  has  not 
been  established.  The  degree  of  IPRV  is  therefore  dependent  on  species  (rabbits,  pigs,  and 
monkeys  are  most  susceptible  while  dogs,  rats  and  mice  are  the  least  sensitive  species 
tested  to  date),  dose,  and  type  of  PFC  administered;  PFCs  with  lower  boiling  points  (i.e., 
higher  vapor  pressures)  produce  the  most  severe  cases  of  IPRV. 

Possible  effects  of  IPRV  on  pulmonary  function  are  not  well  characterized  at  this 
time.  Dose-related  decreases  in  arterial  PO2  (Pa02)  have  been  measured  in  perflubron 
emulsion-treated  monkeys  in  association  with  postmortem  observations  IPRV.  Fluosol  is 
also  associated  with  decreased  Pa02  in  monkeys  and  -treated  rabbits  experience  a 

transient  decrease  in  Pa02  beginning  shortly  after  infusion  that  can  be  minimized  by  prior 
corticosteroid  administration  [10].  No  changes  in  pulmonary  function  or  arterial  blood 
gases  have  been  observed  in  perflubron  emulsion-treated  dogs  (up  to  10.8  g  PFC/kg). 
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Light  microscopy  evaluations  of  perflubron  emulsion-  and  -treated  rabbit  and 

monkey  lungs  have,  in  general,  indicated  slightly  increased  mononuclear  cell  number, 
slight  distention  of  alveoli,  and  some  increased  interalveolar  cellularity.  Electron 
micrographs  show  noncellular  membranes,  possibly  surfactant,  spanning  alveolar  pores 
and  an  increased  number  of  alveolar  Type  II  cells  have  been  observed.  Vacuolated 
macrophages  also  appear  in  the  intima  of  blood  vessels  of  these  lungs.  No  evidence  of 
interstitial  edema,  necrosis,  or  fibrosis  has  been  observed  in  any  of  the  lung  tissues 
analyzed. 

There  is  no  evidence  indicating  that  DPRV  occurs  in  humans;  at  least  1500  patients 
and  subjects  have  received  Fluosol  or  similar  emulsions  and  more  than  100  patients  and 
subjects  have  received  i.v.  perflubron  emulsions  with  no  reports  of  serious  adverse 
pulmonary  effects  which  can  be  attributed  to  IPRV.  Case  reports  of  edematous  pulmonary 
infiltration  following  Fluosol  administration  in  a  small  number  of  patients  have  been 
published  [10-12].  Ventilation-perfusion  scans  in  these  patients  were  normal  and,  as 
edema  has  not  been  observed  in  animals  with  IPRV,  any  relationship  of  the  clinical 
findings  in  these  few  patients  to  IPRV  is  questionable. 

Species  sensitivity  to  IPRV  appears  to  correlate  with  several  physiologic  and 
moiphologic  characteristics  (Table  I).  IPRV  is  less  likely  to  occur  in  species  having  large 
alveolar  and  temiinal  airway  dimensions,  high  transpulmonary  pressures  (>  3  cmH20),  a 
high  degree  of  pulmonary  collateral  ventilation,  as  weU  as  a  pharmacokinetic  profile  which 
results  in  an  attenuated  exposure  of  the  lung  to  circulating  PFC  (i.e.  species  with  effective 
initial  RES  clearance  mechanisms).  Insensitive  species  include  mouse,  rat,  and  dog. 
Human  possesses  all  the  determinants  which,  in  other  species  such  as  dog,  correlates  with 
insensitivity  to  PFC-induced  IPRV  (Table  I).  Therefore,  it  appears  that  human  can  be 
grouped  with  those  species  which  are  insensitive  to  IPRV. 

PHARMACOKINETICS 

RES  phagocytosis  is  the  primary  means  by  which  i.v.  PFC  emulsions  are  removed 
from  the  circulation.  Following  RES  phagocytosis,  intracellular  perflubron  (in  RES  cells) 
crosses  the  cell  membrane  to  lipid  carriers  in  the  circulation  with  ultimate  elimination  from 
the  body  as  a  vapor  through  the  lung  in  the  expired  air  (i.e.,  similar  to  volatile  anesthetics). 
This  latter  exposure  of  the  lungs  is  a  slower  process  compared  to  the  exposure  incurred 
during  direct  vaporization  of  PFCs  from  circulating  emulsion  particles.  The  rate  of  PFC 
elimination  from  the  RES  is  a  function  of  the  vapor  pressure  and  lipophilicity  of  the  PFC 
and  is  inversely  proportional  to  the  molecular  weight  [13-14]  (e.g.,  RES  elimination  half- 
life  of  perflubron  is  3  days  compared  to  7  and  65  days  for  perfluorodecalin  and 
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TABLE  I.  Comparison  of  species  with  respect  to  physiological  and  morphological 
determinants  of  IPRV  sensitivity. 


Pulmonary 

High 

Large 

Slow 

Collateral 

Transpulmonary 

Airway 

PFC  Lung 

Ventilation 

Pressures 

Dimensions 

Delivery 

Alveolar 

I.ohnlar 

isitive  Species 

Rabbit 

NO 

NO 

NO 

NO 

YES 

Swine 

ND 

YES 

NO 

YES 

NO 

Monkey 

NO 

YES 

ND 

YES 

YES 

ensitive  Species 

Mouse 

YES 

NO 

ND 

YES 

YES 

Rat 

YES 

NO 

YES 

YES 

YES 

Dog 

YES 

YES 

YES 

YES 

YES 

Human 

YES 

YES 

YES 

YES 

YES 

ND  =  no  data  available 


perfluorotripropylamine  respectively[3]).  This  dose-dependent  respiratory  excretion  of 
PFCs  occurs  with  no  evidence  of  metabolic  products.  No  urinary  excretion  and 
insignificant  fecal  excretion  of  perflubron  are  observed  with  i.v.  perflubron  emulsion. 
Perflubron  is  only  very  slightly  soluble  in  lipid  and,  as  a  result,  a  smaU  portion  of  RES- 
released  perflubron  translocates  to  adipose  tissue.  Distribution  of  perflubron  from  fat  back 
into  the  blood  occurs  at  a  rate  determined  by  the  fat/blood  solubility  ratio.  Throughout  the 
RES-mediated  clearance  process,  no  organ  damage  is  manifested,  as  documented  by 
histological  examination  of  tissues  at  various  intervals  up  to  six  months  following  i.v, 
perflubron  emulsion  in  rats  and  dogs. 

Following  iv  administration  of  perflubron  emulsion  (2.7  g  PFC/kg)  in  rats,  blood 
perflubron  levels  declined  within  the  first  24  hours  postdosing  with  an  estimated  half-life 
of  approximately  4  to  8  hours.  Thereafter,  blood  perflubron  concentrations  continued  to 
decline  gradually  over  the  remainder  of  the  28-day  study  from  the  highest  concentrations 
measured  immediately  postdosing  (approximately  8(X)00  jig  PFC/mL  blood)  to  less  than 
14  pg  PFC/mL  by  3  days,  and  to  levels  below  quantifiable  limits  (less  than 
0.2  pg  PFC/mL)  by  28  days.  At  24  hours  postdosing,  the  quantity  of  perflubron  in  the 
liver  and  spleen  represented  approximately  80%  of  the  total  perflubron  contained  in  all  the 
tissues  analyzed  (liver,  spleen,  adipose,  lung,  kidney,  skeletal  muscle,  brain,  lymph  node, 
intestine,  stomach,  and  heart)  with  the  highest  splenic  (64600  pg/g)  and  hepatic  (22200 
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|xg/g)  concentrations  occurring  at  24  hours  and  3  days  postdosing,  respectively.  The 
perflubron  content  of  these  tissues  declined  with  a  half-life  of  approximately  3  days; 
clearance  was  virtually  complete  by  56  days  postdosing.  Perflubron  concentrations  in 
adipose  tissue  increased  gradually  to  a  maximum  at  7  days  postdosing  (5900  pg/g)  and 
then  decreased  thereafter  with  a  half-life  of  approximately  14  days.  Accumulation  of 
perflubron  in  adipose  during  the  first  week  postdosing  represents  a  redistribution  of 
perflubron  from  the  liver  and  spleen.  Although  adipose  contained  the  majority  of 
detectable  perflubron  in  tissues  from  14  to  56  days  postdosing,  the  perflubron  remaining  in 
adipose  tissue  at  56  days  represented  less  than  2%  of  the  total  administered  dose.  Overall, 
gradual  clearance  of  perflubron  from  all  tissues  was  evident  over  the  time  course  of  this 
study  (1  hour  to  56  days). 

SIDE-EFFECTS 

Phagocytosis  by  the  RES  macrophages  in  the  liver  and  spleen  leads  to  characteristic, 
predictable,  and  reversible  biological  effects  that  are  a  consequence  of  a  normal  host- 
defense  mechanism.  This  mechanism  is  characterized  by  dose-related  stimulation  of 
macrophages  and  subsequent  release  of  intracellular  products,  which  have  various 
biological  effects  ranging  from  induction  of  transient,  flu-like  symptoms  (fever  and  chills, 
with  occasional  headache  and/or  nausea  with  or  without  vomiting)  at  lower  doses,  to 
microscopically  evident  macrophage  hypertrophy  and  recruitment  at  higher  doses.  It  is 
weU  recognized  that  phagocytosis  stimulates  the  macrophage  to  secrete  a  variety  of  active 
substances,  which  can  affect  both  neighboring  and  distant  tissues.  These  substances  can 
include  hydrolytic  enzymes,  coagulation  factors,  complement  components,  lipids,  and 
reactive  oxygen  intermediates.  The  degree  of  secretory  response,  i.e.,  substance  type, 
amount,  and  duration,  is  largely  dependent  upon  the  properties  of  the  ingested  particle. 
Chemically  reactive  particles,  such  as  lipopolysaccharides  or  xenobiotics,  can  result  in 
significant  cytotoxicity  ranging  from  fibrosis  to  necrosis.  In  contrast,  unreactive  particles, 
including  perflubron  emulsion  particles,  result  in  a  temporary  stimulation  and  a  mild, 
reversible  response  which  can  be  attributed  largely  to  the  release  of  prostaglandins  and 
endoperoxide  products  of  the  arachidonic  acid  cascade. 

Intravenous  infusion  of  PFC  emulsion  during  clinical  trials  has  been  associated  with 
a  side-effect  profile  that  includes  both  an  immediate  response  (cutaneous  flushing  and 
occasional  lower  back  pain)  during  or  shortly  after  infusion  and  a  delayed  response  (2  to  12 
hours)  consisting  of  a  flu-like  syndrome  (primarily  fever  with  occasional  chills  and 
nausea),  all  of  which  resolve  spontaneously,  usually  within  12  hours  of  onset.  The 
mechanism  of  action  of  these  side-effects  has  been  studied  in  animals  (particularly 
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conscious  swine)  and  is  consistent  with  the  mechanism  of  macrophage  stimulation  (during 
phagocytosis  of  emulsion  particles)  and  release  of  biologically-active  substances  [15]. 
These  animal  studies  indicate  that  the  phagocytosis  of  perflubron  emulsion  particles  results 
in  the  release  of  metabolites  of  the  arachidonic  acid  cascade  (e.g.,  thromboxane  and 
prostaglandins),  and  cytokines  (e.g.,  interleukin- 16)  which  together  are  responsible  for  the 
side-effects  observed.  In  addition,  it  has  been  determined  that  these  side-effects  are  not 
associated  with  the  release  of  histamine,  serotonin,  bradykinin,  or  leukotriene  D4,  and  are 
not  the  result  of  immune  reactions,  activation  of  the  plasma  contact  system,  platelet 
activation,  complement  activation,  or  emulsion-induced  changes  in  systemic  blood  flow 
(i.e.,  the  reported,  occasional  lower  back  pain  is  not  associated  with  a  reduction  in  renal 
blood  flow). 

Systemic  release  of  the  arachidonic  acid  metabolites  thromboxane  and  prostaglandins 
accounts  for  the  immediate  side-effect  (i.e.,  skin-flushing)  of  PFC  emulsion  infusion  in  the 
animal  models.  Upon  stimulation,  and  as  a  part  of  the  normal  phagocytic  response  to 
foreign  particles,  macrophages  generate  prostaglandins  and  thromboxane  secondary  to  the 
stimulation  of  the  arachidonic  acid  cascade.  Prostaglandin  D2  causes  local  vasodilatation 
of  the  cutaneous  circulation  and  is  responsible  for  the  skin  flushing  often  associated  with 
the  administration  of  niacin.  The  immediate  skin  flushing  response  in  the  animal  model 
can  be  blocked  by  pretreatment  with  an  experimental,  long  plasma  half-life  thromboxane 
A2  receptor  antagonist  (SQ  29,548;  Bristol  Myers-Squibb  Corp.,  Princeton,  NJ).  The 
delayed  response  (i.e.,  fever)  may  also  result  from  products  of  the  arachidonic  acid 
cascade.  Alternatively  (or  in  addition),  activation  of  blood  leukocytes  by  phagocytosis  of 
the  emulsion  particles  may  lead  to  the  production  of  low  levels  of  cytokines  (i.e., 
interleukin- 1,  interleukin-6,  and  tumor  necrosis  factor),  which  enter  the  central  nervous 
system  and  enhance  the  local  release  of  prostaglandin  E2 .  Prostaglandin  E2,  in  turn,  acts 
on  the  themioregulatory  center  of  the  hypothalamus  to  induce  fever.  Both  the  immediate 
and  delayed  effects  are  eliminated  by  the  use  of  readily  available  corticosteroids  and  long 
plasma  half-life  cyclooxygenase  inhibitors. 

TOXICITY 

Acute  (single  dose)  toxicity  studies  in  mice,  rats,  and  dogs  have  indicated  that  the 
acute  lethality  margin  of  perflubron  emulsion  is  species-dependent  and  varies  between  25 
and  54  g  PFC/kg  for  the  species  studied.  The  absolute  no  effect  doses  are  in  the  range  of 
2.7  to  9  g  PFC/kg  with  the  effects  observed  at  higher  non-lethal  doses  limited  primarily  to 
enlargement  of  the  spleen  and  liver.  Other  studies  in  rats  have  indicated  that  the 
enlargement  of  the  liver  commonly  observed  following  perflubron  emulsion 
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administration  is  not  associated  with  peroxisome  proliferation  and  can  be  best  explained  by 
a  proliferation  of  macrophages  (Kupffer  cells)  in  this  organ  associated  with  the  uptake  of 
perflubron.  The  changes  observed  in  these  acute  studies  reflect  clearance  of  the  injected 
emulsion  via  the  RES  (a  normal  host  defense  mechanism)  and  are  not  regarded  as 
significant  adverse  effects. 

In  a  rat  subchronic  toxicity  study  (dosed  twice  weekly  to  a  cumulative  dose  of  1.8  to 
27  g  PFC/kg),  lethalities  related  directly  to  perflubron  emulsion  did  not  occur.  Hematology 
changes  (seen  only  at  the  highest  cumulative  doses  of  13.5  and  27  g  PFC/kg),  included  a 
moderate  reduction  in  red  blood  cell  counts  and  a  small  increase  in  reticulocyte  and 
leukocyte  counts.  Clinical  chemistry  changes,  confined  primarily  to  the  highest  dose 
groups,  included  moderate  increases  in  serum  liver  enzymes,  urea  nitrogen  and  creatinine, 
and  a  slight  reduction  in  the  albumin/globulin  ratio.  These  chemical  and  hematological 
changes  are  most  likely  associated  with  RES  cell  uptake  of  the  emulsion  particles.  Other 
treatment-related  effects  included  increases  in  liver,  spleen,  kidney,  and  lung  organ  weight. 
Treatment-related  microscopic  alterations  consisted  of  dose-dependent  accumulation  of 
vacuolated  macrophages  in  the  spleen,  liver,  lung,  and  kidneys,  as  would  be  expected  with 
a  proliferation  of  macrophages  and  uptake  of  the  PFC.  M  effects  were  either  completely 
or  significantly  reversed  after  an  eight-week  recovery  period.  Following  26  weeks  of 
recovery,  the  only  treatment-related  observation  was  a  slightly  enlarged  spleen  with  a  few 
vacuolated  macrophages  in  some  of  the  higher  dose  animals. 

In  another  rat  subchronic  (repeat  dosing)  study,  the  two  highest  doses  (total 
cumulative  doses  ranged  from  2.4  to  48.6  g  PFC/kg)  resulted  in  the  formation  of 
vacuolated  macrophages  in  the  liver,  spleen,  lungs  and  kidneys  (RES  organs)  as  well  as  tiie 
adrenal  cortex,  intestines,  lymph  nodes,  bone  marrow,  eye,  ovary,  and  epididymis.  The 
appearance  of  vacuolated  macrophages  in  numerous  non-RES  organs  indicates  a  saturation 
of  RES  capacity  and  overflow  of  perflubron  into  other  tissues.  In  each  case,  the  only 
vacuolized  cells  observed  histologically  were  macrophages  and  in  no  instance  did  the  tissue 
macrophages  appear  to  be  damaged  or  adversely  affected  by  the  ingested  particles.  In 
addition,  with  the  exception  of  the  liver,  the  surrounding  parenchyma  of  these  organs 
showed  no  damage  associated  with  the  presence  of  the  perflubron-laden  macrophages.  In 
the  liver,  vacuolated  macrophages  were  so  extensive  at  these  higher  doses  that 
impingement  by  these  cells  on  adjacent  hepatocytes  resulted  in  occasional  hepatocyte 
necrosis.  Also  at  the  two  higher  doses,  changes  in  clinical  chemistry  and  hematology 
parameters,  consistent  with  RES  uptake  of  perflubron,  were  observed,  including  a 
moderate  reduction  in  red  blood  cell  and  platelet  counts,  an  increase  in  reticulocyte  and 
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leukocyte  counts,  and  increases  in  serum  liver  enzymes.  The  mechanism  for  the 
erythrocytopenia,  which  has  been  observed  only  in  rats,  most  likely  involves  an  increased 
rate  of  removal  of  senescent  red  ceUs  by  splenic  macrophages  as  in  vitro  red  blood  cell 
hemolysis  studies  have  confiimed  that  perflubron  emulsion,  even  under  very  severe 
conditions,  does  not  lyse  red  blood  cells  directly.  Other  treatment-related  effects  at  these 
higher  doses  included  increased  liver,  spleen,  lung,  kidney,  and  adrenal  organ  weights  due 
to  macrophage  proliferation  and  accumulation  of  PFC. 

Even  with  the  relatively  high  tissue  exposures  achieved  in  these  two  subchronic 
animal  studies,  no  irreversible  treatment-related  effects  of  perflubron  emulsion 
administration  have  been  observed.  Acute  lethality  occurred  in  mice,  rats  and  dogs 
following  single  i.v.  doses,  equivalent  to  the  administration  of  1.5  L  or  more  of  a  90%  w/v 
concentrated  perflubron  emulsion  to  a  normovolemic  person  weighing  60  kg.  At  lower 
single  doses,  the  only  biologically  important  effect  observed  in  these  species  was  the 
accumulation  of  vacuolated  macrophages  in,  and  resulting  enlargement  of,  the  spleen  and 
liver.  This  accumulation  of  vacuolated  macrophages  is  a  reflection  of  the  normal  RES  - 
mediated  clearance  mechanism  of  the  emulsion  particles  and  is  completely  reversible. 
Whereas  i.v.  perflubron  emulsion  is  associated  with  some  physiological  responses,  none 
result  in  any  permanent  tissue  alteration  (even  with  prolonged  exposure  at  relatively  high 
doses)  and  none  appear  to  pose  a  toxicological  risk.  Finally,  preclinical  studies  have  found 
no  teratogenicity,  genotoxicity,  cytotoxicity,  dermal  sensitization,  or  hemolytic  activity 
associated  with  perflubron  emulsion. 

SUMMARY 

Intravenous  PFC  emulsion  is  eliminated  from  the  body  through  a  process  involving 
RES  phagocytosis  of  emulsion  particles,  liposolubilization  of  intracellular  PFC  (to  re-enter 
the  circulation),  and  ultimate  elimination  as  a  vapor  through  the  lung  in  expired  air.  The 
macrophage  is  the  common  cellular  element  responsible  for  essentially  all  of  the  side 
effects  associated  with  perflubron  (and  other  PFCs)  emulsion  infusion.  Data  generated  in 
animals  provide  strong  evidence  to  conclude  that  the  emulsion  particles  are  phagocytosed 
primarily  by  reticuloendothelial  macrophages  in  the  liver  and  spleen.  The  effects  are 
reversible,  and  do  not  result  in  any  permanent  tissue  alteration,  even  with  prolonged 
exposure  at  relatively  high  dose  levels.  After  phagocytosis  by  the  macrophage,  PFCs  do 
not  cause  further  stimulation  and  do  not  undergo  any  biological  degradation.  The 
appearance  of  vacuolated  macrophages  in  non-RES  tissues  of  rats  indicates  that  repetitive 
administration  of  high  doses  of  perflubron  emulsion  may  led  to  saturation  of  the  RES- 
mediated  clearance  capacity.  This  saturation  results  in  a  redistribution  of  the  material  to 
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non-RES  tissues  and  ingestion  by  resident  or  mobile  macrophages.  This  condition  is 
benign  with  respect  to  the  integrity  of  the  surrounding  parenchyma,  as  well  as  to  the 
macrophages  themselves.  RES  phagocytosis  of  PFC  emulsion  particles  leads  to 
characteristic,  predictable,  and  reversible  biological  effects  that  are  a  consequence  of  a 
normal  host-defense  mechanism.  Much  progress  has  been  made  in  understanding  the 
mechanism  of  these  side  effects  which  are  now  known  to  occur  secondary  to  macrophage 
activation  and  stimulation  of  the  arachidonic  acid  cascade.  These  side  effects  can  largely  be 
blocked  by  prophylaxis  with  corticosteroids.  Increased  pulmonary  residual  volume 
(IPRV),  a  reversible  side  effect,  has  been  observed  with  high  doses  of  PFC  emulsion  in 
some  animal  species.  The  gross  morphological  change  associated  with  IPRV  (i.e., 
increased  lung  volume  due  to  trapped  air)  is  not  accompanied  by  any  histological  alteration 
other  than  the  appearance  of  some  vacuolated  macrophages  (characteristic  of  the  particulate 
clearance  mechanism)  and  some  minor,  increased  interalveolar  cellularity.  There  is  no 
evidence  indicating  that  IPRV  occurs  in  humans;  over  1500  patients  and  subjects  have 
received  i.v.  Fluosol  and  related  emulsion  products  and  more  than  100  patients  have 
received  i.v.  perflubron  emulsion  with  no  reports  of  serious  changes  in  lung  function 
which  can  be  attributed  to  IPRV.  Whereas  perflubron  and  other  PFC  emulsions  may  elicit 
minor  untoward  effects,  these  effects  do  not  appear  to  pose  a  toxicologic  risk;  all  known 
effects  of  i.v.  PFC  emulsions  are  reversible  and  are  not  associated  with  any  short-  or  long¬ 
term  deleterious  consequences. 
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FUNCTIONAL  MR  IMAGING  OF  A  METABOLITE  OF  ^^O^ 

Sigmund  E.  Lasker 
Department  of  Medicine 
New  York  Medical  College 
Valhalla,  New  York  10595 

The  observation  of  Meiboom  [1]  in  1961  of  the  shortening  of  the 
transverse  relaxation  time  of  the  proton  of  H^O  was  correctly 
interpreted  as  the  presence  of  a  small  concentration  of  naturally 
occurring  H^^^O  in  water.  Hopkins  and  his  group  [2]  at  Case  Western 
Reserve  were  the  first  to  apply  this  observation  to  a  continuing  series  of 
physiological  experiments  using  proton  spectroscopic  and  imaging 
studies  of  injected  Arai,  et.  al.  [3],  further  extended  the  use  of 

the  stable  isotope  of  oxygen  as  a  gas  solubilized  in  a  fluorocarbon 
emulsion  to  detect  the  product  of  in  situ  metabolized  in  the  normal 
dog  brain  using  proton  magnetic  resonance  imaging.  Mateescu  [4], 
Pekar  [5]  as  well  as  Arai  et.  al.  [6],  detected  "nascent"  water  in  normal 
animals  breathing  enriched  air.  Pekar,  using  a  double  tuned 
experimental  imaging  system  was  able  to  image  both  and  the 
proton  of  We  have  applied  the  use  of  either  fluorocarbon 

emulsions  saturated  with  or  gas  to  study  pathological  states 
where  we  can  expect  to  observe  local  metabolic  alterations  as  in 
ischemic  reperfusion  injury  in  the  heart  or  in  middle  cerebral  artery 
occlusion  [7]  in  the  rat  brain.  Our  observations  suggest  that  uptake 
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and  its  conversion  to  a  metabolite  with  a  proton  in  proximity  to 

is  imaged  immediately  after  reperfusion  at  the  site  of  the 
experimentally-induced  ischemia  in  the  dog  heart.  However,  a  well 
established  rat  brain  infarct  with  poor  perfusion  does  not  present  the 
enhanced  metabolism  necessary  to  visualize  the  conversion  of  to 

INTRODUCTION 

Early  studies  by  Meiboom  [1]  demonstrated  that  a  small 
concentration  of  naturally  occurring  H^^^O  in  H^^^O  caused  a  significant 
shortening  of  the  proton  transverse  relaxation  (T^)  when  compared  to 
the  longitudinal  relaxation  (T^).  Hopkins  [2]  applied  this  observation  to 
physiological  phenomena  in  a  continuing  series  of  studies. 

Studies  of  experimental  ischemia  using  short  lived  radioactive 
isotopic  oxygen  are  the  basis  for  much  of  the  data  on  oxygen  extraction 
and  consumption  and  regional  blood  flow  particularly  in  the  brain  [8] . 
The  stable  isotope  of  oxygen  can  be  detected  by  NMR  spectroscopy  but 
cannot  be  imaged  by  available  clinical  imagers.  The  proton  of  the 
metabolic  product  of  molecular  H2*'^0,  whether  produced  in  vivo 
or  injected  can  serve  as  either  a  tag  for  distributed  water  or  as  a  marker 
of  metabolic  processes  in  situ.  Stable  oxygen  isotope  has  been 
commercially  available  as  an  enriched  gas  or  as  H^^^O  as  well  as 
incorporated  into  organic  molecules  [9].  Aral  et.  al  [6]  and  Pekar  et  al 
[5]  using  inhaled  ^"^02  were  concerned  with  the  in  vivo  measurement  of 
cerebral  oxygen  utilization  and  blood  flow.  The  techniques  presented 
cannot  distinguish  between  generated  in  the  brain  and  reflow  of 
metabolic  water  from  other  organs.  A  small  effect  not  usually 
considered  in  these  experiments  is  the  fractionation  effect  by 
hemoglobin  on  isotopes  of  oxygen  with  mass  differences  [10]. 

Our  approach  using  delivered  intravenously  with  a  fluorocarbon 
carrier  or  as  a  gas,  has  been  directed  toward  observing  metabolic  events 
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following  ischemic  reperfusion  injury  in  the  dog  heart  or  in  the  rat  brain 
after  development  of  an  ischemic  injury.  The  experimental  studies  are 
based  on  clinical  observations  in  nonhemorrhagic  cerebral  hemispheric 
infarction  which  showed  elevated  oxygen  extraction  in  the  region  of  the 
early  infarct. 

Magnetic  resonance  imaging  of  the  heart  opens  a  new  vista  for 
exploring  on  a  more  basic  molecular  level,  and  most  significantly  - 
noninvasively  -  some  of  the  phenomena  that  are  associated  with  tissue 
injury,  traumatic  as  well  as  disease  generated.  The  basis  for  clinical 
magnetic  resonance  imaging  of  protons  is  the  magnetic  field  generated 
in  the  microenvironment  of  protons  in  tissue.  The  protons  of  lipid, 
bone  and  fluids  behave  uniquely  in  a  magnetic  field  and  therefore 
provide  contrast,  permitting  organs,  vessels,  cavities  and  fluid 
collections  to  be  distinguishable  from  one  another.  However,  the 
molecular  basis  for  contrast  observed  are  primarily  differences  in  the 
relaxation  of  protons  and  is  complex  and  can  be  influenced  by 
susceptibility  effects,  chemical  shifts  as  well  as  instrumental  parameters. 
The  presence  of  in  the  water  molecule  reduces  the  proton 
relaxation  time  T^  which  is  manifest  as  a  negative  contrast  in  the 
observed  proton  image.  The  T^  proton  image  is  not  significantly 
influenced  by  the  presence  of  enriched  The  in-situ  conversion  of 
the  injected  highly  enriched  natural  occurring  stable  isotope,  to  an 
NMR  observable  metabolite  is  the  basis  of  observation  of  local 
metabolic  alterations  in  the  reperfused  myocardium  of  the  dog  or  in  the 
transiently  occluded  middle  cerebral  artery  of  the  rat. 

MATERIALS  AND  METHODS 

By  means  of  a  left  thoracotomy  at  the  fifth  intercostal  space  of  the 
mongrel  dog,  the  descending  coronary  artery  was  isolated  and  a 
circumferential  hydraulic  occluder  was  placed  just  distal  to  the  first 
diagonal  branch.  The  occluder  when  filled,  permits  complete  occlusion 
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of  the  coronary  artery.  Care  was  taken  to  prevent  obstruction  of  the 
coronary  artery  when  in  the  deflated  position.  The  pericardium  which 
is  excised  is  left  open  following  the  surgery.  The  occluder  filling 
catheter  is  tunneled  subcutaneously  to  an  exit  wound  in  the  flank.  The 
chest  is  closed  in  layers  and  the  lungs  reinflated  with  negative  pressure 
to  the  sealed  chest  cavity.  The  surgery  is  performed  under  pentobarbital 
anesthesia,  pulmonary  ventilation  and  aseptic  conditions  as  well  as 
under  AALAC  approved  conditions  according  to  a  protocol  approved  by 
the  Animal  Research  committee  of  New  York  Medical  College. 

Ligation  of  the  left  anterior  descending  coronary  artery  distal  to  the 
first  septal  branch  is  maintained  for  30  minutes  with  inflated  balloon 
occluder.  Figure  1  details  the  sequence  of  experimental  events  in  the 
canine  occlusion  model.  Simultaneously  with  the  release  of  the 
occluder,  a  bolus  of  fifty  ml  of  enriched  ^^02  [57  atoms  %)  dissolved  in 
50  ml  of  a  fluorocarbon  emulsion  as  carrier  is  delivered  rapidly  through 
the  cannulated  inferior  vena  cava.  The  pO^  of  the  carrier  mixture 
is  at  least  600  mmHg  at  atmospheric  pressure.  The  occlusion  and 
infusion  is  accomplished  while  the  pentobarbital  anesthetized  dog  is 
positioned  in  a  standard  knee  coil  or  head  coil  of  the  MRI  Scanner  with 
the  heart  in  the  isocenter  of  the  field.  Cardiac  imaging  is  performed 
before  occlusion,  during  occlusion  and  after  release  of  the  occluder  and 
injection  of  ^^02-perfluorocarbon  emulsion.  An  identical  experiment 
using  was  also  performed.  Image  accumulations  for  13  minute 
periods  were  observed  during  the  experiment. 

A  General  Electric  Signa  1.5  imaging  system  at  a  proton  frequency 
of  63.9  MHz  is  used  to  observe  the  proton  density  image  of  the 
electrocardio-graphically  gated  dog  heart. 

The  scalar  coupling  interactions  between  the  quadrupolar  ^^62  and 
protons  in  H2^^0  at  neutral  pH  as  well  as  in  other  proton  derivatives  of 
‘^©2  significantly  shortens  the  proton  transverse  relaxation  time  [T2] 
suggesting  its  use  as  a  negative  imaging  contrast  agent.  By  delivering 
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Experimental  Study  Protocol 

_ Fasted  Anesthetized  Dogs _ 

I - 1 - 1 - 1 

Control  (schema,  30  Minutes  Reperfusion, 
Balloon  Occlusion  4  Hours 

I _ I 

Infusion 

I'----' . J  - . - . z'  J 

Imaging  Time 


FIGURE  1.  Sequence  of  experimental  events  following  placement  of 
balloon  occluder  at  left  anterior  descending  artery  of  the  dog. 


enriched  to  metabolically  altered  tissue  sites,  the  presence  of 
metabolites  generated  in-situ  at  regions  of  altered  oxygen  consumption 
may  be  detected  by  contrast  changes.  In  our  experimental  model,  the 
NMR  detection  of  in-situ  conversion  of  is  dependent  on 
instrumental  variables  and  on  a  multiplicity  of  biochemical  variables 
including  the  level  of  enrichment  and  delivery,  the  magnitude,  rate 
and  extent  of  conversion  as  well  as  the  diffusion  of  metabolites. 

The  experiments  using  the  dog  as  our  model  system  present  a 
number  of  technical  problems.  Because  of  the  rapid  and  variable  heart 
rate  of  the  dog,  we  are  limited  in  our  imaging  protocols  and  our  images 
are  not  fully  weighted.  We  have  been  able  to  produce  images  of 
good  contrast  with  a  repetition  time  of  2000  ms  and  an  echo  time  of  40 
ms  for  a  total  scan  time  of  13  minutes.  The  imaging  protocols  are 
dependent  on  the  heart  rate  which  can  vary  following  reperfusion.  We 
have  attempted  to  minimize  pharmacologic  intervention  during  these 
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experiments^.  Although  we  are  maintaining  a  lidocaine  level  during  the 
reperfusion  to  prevent  fibrillation,  resuscitation  following  a  significant 
drop  in  pressure  or  fibrillation  requires  termination  of  the  experiment 
and  exclusion  of  the  data. 

Hemisphere  cerebral  ischemia  was  induced  in  the  Ketamine 
anesthetized  rat  by  threading  a  4.0  nylon  suture  into  the  right  internal 
cerebral  artery  to  occlude  the  middle  cerebral  artery.  The  thread  was 
removed  thirty  minutes  after  middle  cerebral  artery  occlusion  following 
total  occlusion  of  the  right  carotid  artery.  A  typical  infarct  appeared 
seven  hours  after  occlusion  and  was  observed  in  the  proton  magnetic 
resonance  image  as  an  enhanced  contrast  in  the  right  hemisphere. 
Images  were  produced  in  the  MRI  scanner  either  with  a  constructed  5 
cm  solenoid  coil  or  with  the  standard  General  Electric  wrist  coil. 
Eighteen  hours  after  the  ischemic  injury,  40  ml  of  gas  was 
delivered  intraperitoneally.  Proton  NMR  images  were  observed  hourly 
for  three  hours  starting  2  hours  after  the  intraperitoneal  injection. 

RESULTS 

Since  the  scalar  coupling  interactions  between  quadropolar  and 
protons  in  significantly  shortens  the  proton  relaxation  time  T 

the  in-situ  cascade  of  single  electron  reductions  of  deoxygen  to  water  at 
a  reactive  site  would  become  apparent  as  negative  contrast. 

The  upper  left  image  A  of  Figure  2  shows  a  5  mm  transverse  section 
of  the  heart  in  the  region  of  the  apex  supplied  by  the  LAD  before 
occlusion  with  the  occluder  in  place.  The  second  image  (B)  after  15 
minutes  of  occlusion  shows  no  further  significant  change.  Following  30 
minutes  of  occlusion,  release  of  the  occluder  and  introduction  of 
shown  in  image  C,  a  significant  loss  of  signal  is  apparent  at  a  locus  in 
the  anterior  wall  region  of  the  apex.  After  an  additional  30  minutes 
there  is  enhanced  signal  in  the  anterior  region  but  a  reduction  in 
negative  intensity  in  a  small  region  that  previously  showed  significant 


FIGURE  2.  Cross  sectional  image  through  the  midsection  of  the  left 
ventricle  5  mm  slices,  weighted  images  showing  development  of 
high  intensity  signal  in  anterior  wall  as  well  as  localized  loss  of 
signal  arrow..  Image  A:  before  occlusion;  B:  during  occlusion;  C: 
immediately  after  release  of  occluder  and  infusion  of 
perfluorocarbon-^^O^;  D:  30  minutes  following  release  of  occluder. 
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negative  contrast.  Figure  3  is  a  series  of  slices  6.5  mm  cephalad  taken 
at  the  same  time  as  the  first  series.  The  first  5  mm  slice,  image  F, 
taken  before  occlusion;  the  second  image  E  taken  during  the  period  of 
occlusion;  the  third  slice,  image  H,  after  infusion  of  and  release  of 
the  occluder  shows  the  region  of  negative  contrast  which  is  dissipated 
after  15  minutes.  After  30  additional  minutes,  image  I  reveals 
enhanced  contrast  in  the  anterior  wall  region. 

Figure  4  shows  the  same  time  sequence  of  images  13  mm  cephalad. 
Image  M  shows  a  significant  loss  of  signal  in  the  anterior  region  and 
image  N  shows  a  significant  signal  enhancement  thirty  minutes  later. 

Images  collected  before  occlusion  and  during  occlusion  of  the  LAD 
showed  uniform  intensity  in  9  dogs.  Following  infusion  in  eight 
experiments,  three  showed  an  area  of  negative  contrast  in  the  anterior 
region  of  the  left  ventricular  wall,  two  images  were  not  interpretable 
because  of  noise,  two  died  following  reperfusion  and  one  showed 
uniform  contrast  in  the  left  ventricular  wall.  Parallel  experiments  in  the 
dog  with  which  does  not  metabolize  to  MRI  observable  water  were 
unrevealing  and  served  as  a  control  validating  the  observation  of 
negative  contrast  in  the  reperfused  region  of  the  anterior  ventricular 
wall.  Following  the  infusion  of  and  after  release  of  the  occluder, 
images  of  the  left  ventricular  wall  in  four  dogs  revealed  uniform 
intensity. 

In  the  rat  brain  experiments,  the  slow  absorption  of  from  the 
peritoneal  cavity  of  the  rat  and  its  conversion  to  in  the  brain  as 

well  as  transported  to  the  brain  from  other  metabolically  active 

organs  did  not  alter  the  high  intensity  of  the  weighted  image  of  the 
infarcted  region  of  the  rat  brain.  The  left  hemisphere  and  regions 
adjacent  to  the  infarct,  however,  developed  observable  negative 
contrast. 


DISCUSSION 

The  transient  appearance  of  a  region  of  high  negative  contrast  on 
images  in  the  anterior  region  of  the  left  ventricle  followed  by  the 


FIGURE  3.  Cross  sectional  images  as  in  FIGURE  2  but  displaced 
cephalad.  6.5  mm  region  of  ventricular  wall  with  transient  negative 
contrast  at  arrow. 
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FIGURE  5.  Schematic  representation  of  metabolic  events  during  ischemia 
and  following  reperfusion  in  the  presence  of 


expected  high  intensity  of  the  infarct  is  not  readily  rationalized 
quantitatively  on  the  basis  of  delivered  systemically  and 
metabolized  to  Hopkins  [11]  was  not  able  to  detect  changes  in 

image  intensity  in  the  brain  following  incremental  Intraperitoneal 
injections  of  until  a  total  concentration  of  0.4  -  0.5%  was 

obtained.  However,  when  H^^^O  is  generated  in-situ,  at  a  metabolically 
altered  site,  our  data  suggests  a  metabolic  heterogeneity  in  response  to 
the  reversible  ischemic  injury.  Generally,  prolongation  of  is 
correlated  with  elevation  of  water  content  within  ischemic  tissue.  The 
total  water  content  of  soft  tissues  is  similar;  however,  the  collagenous 
matrix  of  myocardial  cells  precludes  massive  cellular  swelling.  The 
contrast  observed  in  MRI  in  different  tissues  of  the  freely  diffusible 
water  may  be  related  to  the  microenvironment  consisting  of  macro 
molecular  and  subcellular  components  [12].  The  multiplicity  of 
mechanisms  of  altered  relaxation  times  in  injured  tissues  are  not  yet 
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developed.  In  addition  to  the  state  of  water  in  injured  tissue,  the  role  of 
regional  oxygenation  in  ischemic  tissue  on  the  transverse  relaxation  time 
Tj  of  protons  has  been  suggested  [13]. 

The  temporal  parameters  including  the  relatively  long  imaging  time 
necessary  for  our  study  in  relation  to  the  transient  events  being 
investigated  have  not  yet  been  fully  explored  but  the  development  of 
negative  contrast  observed  immediately  following  reperfusion  associated 
with  the  in-situ  reduction  of  is  not  observed  when  an  injury  has 
proceeded  to  an  infarct  as  in  the  established  infarct  in  the  rat  brain. 
Studies  performed  in  collaboration  with  Drs.  E.  Garcia  and  S.  Sharma 
showed  that  when  15  minutes  of  occlusion  of  the  middle  cerebral  artery 
of  the  rat  brain  is  followed  by  18  hours  of  reperfusion  permitting  the 
establishment  of  an  observable  infarct,  negative  contrast  following 
infusion  is  limited  to  the  region  surrounding  the  infarct. 

It  has  been  suggested  that  cells  in  the  ischemic  myocardium  respond 
temporally  and  unequally  to  occlusion  and  reperfusion.  The 
subendocardial  myocardium  responds  early  followed  by  the 
subepicardial  myocardium  [14].  Perfusion  tissue  damage  associated 
with  the  reintroduction  of  coronary  flow  following  a  period  of  ischemia 
may  be  accompanied  by  a  complex  of  sudden  changes  including  increase 
in  ultrastructural  changes,  enzyme  release,  calcium  influx,  pH  changes 
and  electrolyte  derangements  [15].  The  cascade  of  the  univalent 
reductions  of  the  oxygen  molecule  to  form  the  reactive  free-radical  -  the 
mitochondrial  superoxide  anion  as  well  as  the  subsequent  intracellular 
reduction  product,  hydrogen  perioxide  and  its  enzymatic  degradative 
product  water  may  be  enhanced  in  the  reperfused  myocardium. 
Whether  the  reperfusion  production  of  peroxide  and  free  radicals  is  a 
function  of  myocardial  cells  or  activated  leukocytes  is  not  established. 
However,  the  sudden  increase  in  oxygen  consumption  a  few  seconds 
after  the  interaction  of  the  cell  with  a  stimulus,  has  been  studied  [16). 
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The  invasion  of  circulating  neutrophils  in  myocardial  tissue  or 
endothelial  cells  may  be  the  origin  of  reactive  oxygen  metabolites. 

Studies  of  the  reversible  ischemic  injury  of  myocardial  ventricular 
wall  are  potentially  an  approach  to  evaluating  the  viable  myocardial  wall 
and  an  early  marker  for  viability  following  acute  reperfusion. 
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ABSTRACT 

Potential  cardiovascular  therapeutic  uses  for  perfluorochemicals  include  oxygen 
delivery  distal  to  an  occluding  balloon  during  high  risk  coronary  angioplasties, 
treatment  for  acute  myocardial  infarction  with  or  without  concomitant  reperfusion, 
cardioplegia,  and  preservation  of  donor  hearts  for  transplant.  Infusions  of  oxygenated 
perfluorochemicals  during  brief  coronary  occlusions,  as  occurs  with  angioplasties, 
preserves  cardiac  ultrastructure  and  cardiac  function.  Fluosol  is  currently  approved 
in  the  U.S.  for  angioplasty  procedures.  Experimental  studies  have  suggested  that 
perfluorochemicals  reduce  myocardial  infarct  size  during  permanent  coronary 
occlusion  or  temporary  coronary  occlusion.  One  school  of  thought  suggests  that  these 
agents  work  by  reducing  reperfusion  injury.  By  inhibiting  neutrophil  function, 
including  adherence  to  endothelial  cells  and  release  of  toxic  substances, 
perfluorochemicals  may  preserve  the  endothelium  and  prevent  no-reflow.  However, 
one  might  argue  that  any  agent  which  reduces  infarct  size  by  any  mechanism  would 
result  in  less  neutrophil  infiltration  and  smaller  no-reflow  areas.  One  pilot  study 
suggested  that  intracoronary  Fluosol  administered  at  the  time  of  reperfusion,  reduced 
infarct  size  and  improved  regional  ventricular  function  in  patients.  However, 
preliminary  results  of  a  large  multicenter  study  in  which  this  agent  was  given  along 
with  thrombolysis,  were  largely  negative.  Whether  perfluorochemicals  will  become 
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an  important  adjunctive  agent  along  with  reperfusion  for  acute  myocardial  infarction 
remains  to  be  determined. 

CARDIOVASCULAR  APPLICATIONS  OF  FLUOROCARBONS 

Fluorocarbons  have  therapeutic  potential  in  a  wide  array  of  cardiovascular 
disorders.  To  date  they  have  been  studied  as  therapies  for  high  risk  angioplasty, 
myocardial  infarction,  cardioplegia,  and  preservation  of  hearts  during  heart  transplant, 
and  possible  echocardiographic  contrast  agents.  This  paper  will  concentrate  on  the  use 
of  fluorocarbons  to  protect  ischemic  myocardium  during  regional  ischemia  -  that  is 
during  angioplasty  and  myocardial  infarction.  The  rationale  for  using  these  substances 
in  ischemic  syndromes  is  that  1)  they  have  high  oxygen  carrying  capability  2)  their 
small  particle  size  might  allow  access  of  these  particles  to  regions  where  erythrocytes 
might  not  reach  and  3)  their  low  viscosity  might  lead  to  improved  tissue  perfusion. 

FLUOROCARBONS  AND  ANGIOPLASTY 

Angioplasty  has  become  a  major  therapeutic  intervention  for  coronary  artery 
disease.  Angioplasty  balloons  are  capable  of  dilating  stenotic  coronary  arteries 
successfully  in  a  high  percentage  of  cases  [1].  Unfortunately,  while  the  angioplasty 
balloon  is  inflated,  blood  flow  is  cut  off  to  the  distal  myocardium.  This  results  in 
ischemia  of  the  myocardium  supplied  by  the  occluded  vessel  with  subsequent  angina 
pectoris,  ST  segment  shifts,  lactate  production,  and  regional  ventricular  wall  motion 
abnormalities.  In  high-risk  angioplasty  cases,  this  period  of  ischemia  may  result  in 
morbidity  and  may  lessen  the  duration  that  the  angioplasty  balloon  can  be  inflated, 
resulting  in  an  unsatisfactory  dilatation.  One  solution  to  this  problem  is  the 
autoperfusion  catheter  -  a  catheter  with  proximal  side  holes,  a  central  lumen  coursing 
through  the  balloon,  and  distal  side  holes  and  an  end-hole.  When  the  balloon  is 
inflated,  a  pressure  gradient  is  created  driving  blood  through  the  proximal  side  holes, 
through  the  lumen,  and  out  the  distal  side  holes  and  end  holes,  thus  delivering 
oxygenated  blood  to  the  distal  myocardium  [2].  While  this  device  may  be  useful  in 
certain  cases  of  angioplasty,  it  does  have  limitations.  For  example,  if  the  patient’s 
blood  pressure  is  low,  the  coronary  perfusion  pressure  also  will  be  low,  resulting  in 
less  driving  force  for  blood  to  traverse  the  proximal  side  holes.  Also  if  the  artery  is 
very  narrow,  the  side  holes  might  occlude.  Another  approach  to  the  problem  is  the 
infusion  of  oxygenated  fluorocarbons  through  the  catheter  to  the  distal  myocardium. 
In  fact,  Fluosol  is  FDA  approved  for  this  use  in  the  United  States. 
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Our  research  group  had  the  opportunity  to  collaborate  with  the  late  Dr. 
Andreas  R.  Gruentzig,  the  developer  of  angioplasty,  on  an  early  experimental  trial  of 
Fluosol  in  an  angioplasty  model  [3].  Fluosol  (20%)  is  a  20%  weight  per  volume 
emulsion  of  2  perfluorochemicals,  perfluorodecalin  and  perfluorotripropylamine, 
emulsified  with  a  detergent,  Pluronic  F  68,  plus  egg  yolk  phospholipids.  In  this  study, 
anesthetized  dogs  were  subjected  to  a  60  minute  angioplasty  balloon  inflation  in  the 
left  anterior  descending  coronary  artery.  One  group  of  dogs  received  a  continuous 
infusion  of  oxygenated  Fluosol  (Green  Cross  Corp,  Osaka  Japan)  through  the  balloon 
catheter  at  a  pressure  of  40  -  60  mmHg  and  a  flow  rate  of  50  ml/min  in  order  to 
perfuse  the  myocardium  supplied  by  the  occluded  artery.  Dogs  in  Group  2  received 
no  infusion.  Five  of  five  dogs  receiving  the  Fluosol  infusion  survived;  3  of  5  dogs  in 
the  control  group  developed  ventricular  fibrillation.  When  studied  by  electron 
microscopy,  72%  of  fields  from  biopsies  in  the  control  group  showed  ultrastructural 
abnormalities  consistent  with  ischemic  damage,  while  only  42%  of  fields  in  the  treated 
group  showed  damage,  A  mean  cell  injury  grade,  based  on  ultrastructural  analysis, 
was  lower  in  the  Fluosol-treated  group  compared  to  the  control  group.  The  authors 
concluded  that  perfusion  of  the  canine  left  anterior  descending  artery  by  oxygenated 
fluorocarbon  distal  to  balloon  occlusion  was  beneficial.  Virmani  et.  al.  [4]  studied  the 
effects  of  the  perfluorochemical  Fluosol  20%  during  repeated  balloon  occlusions  of  the 
circumflex  artery  in  anesthetized  dogs.  Eight  90  second  inflations  were  performed  in 
dogs  receiving  either  Ringer’s  lactate,  oxygenated  Fluosol,  or  no  treatment. 
Electrocardiographic  ST  segment  elevation  at  90  seconds  of  balloon  inflation  was  less 
in  the  Fluosol  group  compared  to  the  Ringer’s  lactate  and  no-treatment  groups.  There 
was  also  improved  radial  shortening  assessed  by  contrast  ventriculography  and  less 
ultrastructural  alterations  in  the  Fluosol  group,  compared  to  the  other  groups. 

Several  clinical  studies  assessed  the  efficacy  of  intracoronary  Fluosol  during 
angioplasty  procedures.  Anderson  et,  al.  [5]  reported  that  intracoronary  perfusion  of 
oxygenated  Fluosol  (20%)  during  a  90  second  balloon  inflation  lengthened  the  time  to 
angina,  shortened  the  duration  of  angina  and  lessened  the  degree  of  ST  segment 
elevation  compared  to  Ringer’s  lactate.  Cleman  et.  al.  [6]  studied  20  patients 
undergoing  angioplasty  for  left  anterior  descending  coronary  artery  disease.  Standard 
balloon  inflations  were  first  performed  followed  by  balloon  inflations  with  either 
transcatheter  infusion  of  Ringer’s  lactate  or  Fluosol  20%  (60  ml/min).  Mean  PO2  of 
the  oxygenated  Ringer’s  lactate  was  480  mmHg;  and  of  the  oxygenated  Fluosol  was 
600  mmHg.  Quantitative  2  -  dimensional  echocardiography  was  performed  using  a 
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chord-shortening  technique.  Severe  regional  wall  motion  abnormalities  with  greater 
than  a  90%  decrease  in  contraction  were  observed  during  either  no  intracoronary 
infusion  or  transcatheter  infusion  of  Ringer’s  lactate  or  with  nonoxygenated  Fluosol. 
Transcatheter  infusion  of  oxygenated  Fluosol  resulted  in  normal  left  ventricular 
contraction.  The  fact  that  nonoxygenated  Fluosol  did  not  have  a  beneficial  effect 
suggests  that  in  the  setting  of  angioplasty,  oxygenated  Fluosol’s  mechanism  of  action 
probably  is  due  to  increased  delivery  of  oxygen  to  the  myocardium  rather  than  some 
other  mechanism.  In  a  second  study  by  the  same  laboratory,  Jaffe  et.  al.  [7]  reported 
that  transcatheter  infusion  of  oxygenated  Fluosol  20%  preserved  left  ventricular 
ejection  fraction  (53%)  during  balloon  inflation  compared  to  an  ejection  fraction  of 
36%,  38%,  and  37%  for  nonperfused,  oxygenated  Ringer’s,  and  nonoxygenated  Fluosol 
infusion,  respectively.  The  results  of  a  large  multicenter  study  of  245  patients  on  the 
use  of  oxygenated  Fluosol  during  angioplasty  was  reported  by  Kent  et.  al.  [8].  Patients 
were  randomized  to  receive  either  routine  angioplasty  or  angioplasty  with 
transcatheter  oxygenated  Fluosol,  administered  at  60  ml/min.  Patients  receiving 
oxygenated  Fluosol  had  severe  angina  less  frequently  during  angioplasty  than  those 
receiving  routine  angioplasty  (21  vs  34%).  ST  segment  shift  at  deflation  was  less  in 
patients  with  Fluosol  perfusion  (1.7  mm)  than  with  patients  who  were  not  perfused 
(2.2  mm).  Ejection  fraction  during  angioplasty  was  better  preserved  in  the  Fluosol- 
treatment  group  at  51%  compared  to  the  control  group  (31%).  Fluosol  also  maintained 
regional  wall  motion  near  baseline  during  balloon  inflation,  while  in  untreated  patients 
severe  regional  wall  dysfunction  was  observed  by  2  dimensional  echocardiography. 
Nineteen  patients  in  the  routine  treatment  group  developed  clinical  complications; 
only  7  developed  complications  in  the  Fluosol  group.  Two  patients  developed  an 
adverse  reaction  to  a  Fluosol  test  dose  (low  back  pain)  and  2  patients  had 
complications  during  the  Fluosol  infusion  (ventricular  fibrillation  in  one  patient  and 
hypotension,  dyspnea,  and  chest  pain  -  possibly  due  to  balloon  malfunction).  The 
authors  concluded  that  "transcatheter  perfusion  with  an  oxygen  carrying 
perfluorochemical  emulsion  is  effective  in  alleviating  myocardial  ischemia  during 
angioplasty  and  can  be  safely  administered  in  this  patient  population." 

In  summary,  both  experimental  and  clinical  trials  support  the  use  of 
oxygenated  fluorocarbons  to  protect  the  ischemic  myocardium  during  angioplasty.  As 
mentioned,  Fluosol  is  approved  for  this  use  in  the  United  States.  However,  this  agent 
probably  is  not  necessary  for  most  angioplasty  procedures  and  it  is  likely  that  the 
agents  will  be  most  useful  in  high  risk  cases,  in  cases  where  the  coronary  artery  to  be 
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dilated  supplies  a  large  territory  of  the  ventricle,  or  in  cases  where  a  long  inflation 
time  might  be  needed  in  order  to  obtain  an  optimal  dilation. 

FLUOROCARBONS  AND  MYOCARDIAL  INFARCTION 
Permanent  Coronary  Occlusion 

The  use  of  fluorocarbons  as  a  therapy  for  acute  myocardial  infarction  is 
considerably  more  controversial  than  their  use  during  angioplasty.  While  there  seems 
to  be  little  debate  that  distal  perfusion  of  oxygenated  fluorocarbons  may  protect  the 
myocardium  during  brief  episodes  of  coronary  occlusion  induced  by  balloon  inflation, 
whether  fluorocarbons  have  any  clinical  benefit  during  longer  periods  of  ischemia 
which  typify  myocardial  infarction  remains  controversial.  Initial  studies  assessed  the 
use  of  fluorocarbons  in  a  myocardial  infarct  model  of  permanent  coronary  occlusion 
(that  is  without  reperfusion).  Studies  by  Glogar  et.  al.  [9],  performed  in  anesthetized 
dogs  ventilated  with  oxygen,  showed  that  volume  replacement  with  the  fluorocarbon 
preparation  of  Decamine  60  in  Pluronic  F68  was  capable  of  reducing  myocardial 
infarct  size  from  about  100%  of  the  ischemic  risk  zone  in  controls  to  70%  in  dogs 
receiving  the  fluorocarbon  emulsion.  Nunn  et.  al.  [10]  administered  Fluosol  (20%)  by 
exchange  transfusion  to  anesthetized  dogs  one  hour  after  onset  of  a  six  hour  coronary 
artery  occlusion  of  the  left  anterior  descending  artery.  A  second  group  received 
exchange  transfusion  with  saline  and  a  third  group  received  no  intervention.  The 
percent  of  the  ischemic  risk  zone  which  developed  necrosis  with  88  -  90%  in  the  two 
controls;  in  animals  who  received  Fluosol,  only  67%  of  the  risk  zone  developed 
necrosis.  In  another  study  of  permanent  coronary  occlusion  in  the  dog,  Biro  [11] 
reported  a  trend  towards  less  CK  release,  a  marker  of  myocardial  tissue  damage,  in 
dogs  hemodiluted  with  Fluosol  and  an  increase  in  mean  blood  flow  to  the  ischemic 
zone  in  dogs  hemodiluted  versus  those  who  were  not.  Kolodgie  et.  al.  [12]  studied  the 
effect  of  Fluosol  on  infarct  morphology  in  dogs  subjected  to  permanent  coronary 
artery  occlusion.  Animals  received  three  days  of  permanent  coronary  artery  occlusion. 
One  group  of  dogs  received  an  exchange  transfusion  with  Fluosol  (40  ml/kg);  another 
with  heparinized  autologous  blood.  Both  of  these  groups  were  ventilated  with  100% 
oxygen.  A  third  group  received  no  therapy.  At  three  days  infarct  size  assessed  by 
histology  was  smaller  in  Fluosol  dogs  (54%  of  the  ischemic  risk  zone)  compared  to 
dogs  receiving  autologous  blood  (64%)  or  controls  (79%).  Detailed  histologic  analysis 
revealed  reduced  numbers  of  inflammatory  cells,  greater  sparing  of  subepicardial  and 
subendocardial  tissue,  and  perfluorochemical  particles  within  the  endothelial. 
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inflammatory  cells  and  necrotic  myocytes  of  the  infarct,  in  the  Fluosol  -  treated 
animals.  In  another  study  of  permanent  coronary  occlusion,  Kolodgie  showed  that 
Fluosol  not  only  reduced  extent  of  necrosis  but  also  resulted  in  less  inducible 
ventricular  arrhythmias  [13].  Reduction  in  ischemia  following  acute  coronary 
occlusion  was  also  reported  by  Faithfull  et.  al.  in  a  pig  model  [14].  Mechanisms  by 
which  fluorocarbons  might  have  had  their  beneficial  effect  in  models  of  permanent 
occlusion  include  1)  direct  delivery  of  oxygen  to  ischemically  injured  areas  where 
red  cells  might  not  penetrate  and  2)  low  viscosity  resulting  in  improved  collateral 
flow  during  ischemia.  As  will  be  discussed  below,  effects  of  fluorocarbons  on 
leukocytes  and  complement  may  also  be  important. 

Fluorocarbons  in  Renerfused  Infarcts 

The  1980’s  ushered  in  a  new  era  in  the  treatment  of  acute  myocardial 
infarction.  Observations  made  early  in  that  decade  showed  that  the  majority  of  Q- 
wave  myocardial  infarcts  were  associated  with  thrombotic  occlusion  of  a  coronary 
artery.  Early  thrombolytic  therapy  with  agents  such  as  streptokinase  and  tissue 
plasminogen  activator  is  capable  of  lysing  these  coronary  thrombi  resulting  in  tissue 
salvage,  improving  left  ventricular  function,  and  most  important,  improving  survival 
following  acute  myocardial  infarction.  Despite  success  with  thrombolytic  agents,  there 
has  been  an  interest  in  administering  adjunctive  therapy  with  the  hope  of  further 
improving  outcome.  Administration  of  fluorocarbons  along  with  reperfusion  of  acute 
myocardial  infarction  has  been  an  area  of  very  active  research  over  the  last  6-7 
years.  The  majority  of  the  work  in  this  field  has  been  carried  out  by  the  laboratories 
of  Forman,  Vermani,  and  Schaer.  In  1985,  Forman  et.  al.  [15]  determined  the  effects 
of  intracoronary  infusion  of  oxygenated  Fluosol  versus  saline  in  anesthetized  dogs 
subjected  to  90  minutes  of  proximal  left  anterior  descending  coronary  artery  occlusion 
followed  by  24  hours  of  reperfusion.  Therapy  was  begun  with  reperfusion  and 
continued  for  20  -  30  minutes.  At  24  hours  the  infarct  size  as  a  percentage  of  the  risk 
region  was  less  in  the  perfluorochemical  treated  group  (20%)  compared  to  the  control 
group  (47%).  There  was  an  improvement  in  ventricular  wall  motion  in  the  Fluosol 
group,  assessed  by  contrast  ventriculography.  Early  after  reperfusion,  regional 
myocardial  blood  flow  in  the  previously  ischemic  zone  was  improved  in  the  Fluosol 
group  compared  to  the  control  group;  however  by  one  hour  after  reperfusion  flows  did 
not  differ  between  groups.  Because  the  Fluosol  appeared  to  produce  beneficial  effects 
when  given  only  during  reperfusion,  the  authors  postulated  that  "perfluorochemicals 
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may  reduce  reperfusion  injury."  Mechanisms  for  this  might  include  inhibition  of 
neutrophil  function  with  reduction  of  subsequent  release  of  oxygen  radicals.  In  fact 
Fluosol  and  oxypherol  (another  perfluorochemical)  were  shown  in  invitro  studies  to 
suppress  neutrophil  activation  and  superoxide  release  [16,  17],  As  mentioned, 
Kolodgie  et.  al.  [12]  had  previously  shown  that  Fluosol  could  reduce  neutrophil 
infiltration  in  a  3  day  permanent  coronary  artery  occlusion  model. 

Menasche  et.  al.  [18]  also  published  a  study  in  1985  in  which 
perfluorotributylamine  in  Pluronic  F-68  was  administered  starting  30  minutes  into  a 
three  hour  proximal  coronary  artery  occlusion  followed  by  reperfusion  in  dogs.  In  the 
control  dogs,  81%  of  the  risk  region  developed  necrosis;  in  perfluorochemical  treated 
dogs,  67%  of  the  risk  region  developed  necrosis.  Flowever,  the  number  of  animals  in 
each  group  was  relatively  small  and  no  statistically  significant  difference  was  present 
between  groups.  In  1987,  another  study  by  Forman  et.  al.  [19]  confirmed  their  earlier 
work  that  oxygenated  Fluosol  20%  given  intracoronary  could  reduce  myocardial 
infarct  size  when  administered  during  reperfusion.  In  this  study,  dogs  survived  for 
two  weeks  following  a  temporary  90  minute  coronary  occlusion.  Treated  dogs 
demonstrated  a  greater  improvement  in  radial  shortening  of  the  infarct  zone  at  2 
weeks.  Importantly,  histologic  analysis  revealed  adequate  healing  of  the  infarcts. 
Thus  although  Fluosol  might  have  reduced  so-called  reperfusion  injury,  by  inhibiting 
early  neutrophil  function,  this  did  not  appear  to  be  associated  with  impaired  healing. 
Subsequent  studies  from  Forman’s  laboratory  suggested  that  fluorocarbons  preserved 
both  structural  and  functional  integrity  of  the  endothelium  following  an  episode  of 
ischemia  and  reperfusion  [20  -22].  Since  activated  neutrophils  may  mediate 
endothelial  damage  by  release  of  oxygen  radicals  and  other  toxins,  it  was  logical  to 
suggest  that  fluorocarbons,  by  inhibiting  neutrophil  activation  might  then  preserve 
endothelium  during  reperfusion  and  that  this  might  contribute  to  salvage  of  the 
myocardium.  In  one  study  from  this  lab,  Bajaj  et.  al.  [22]  subjected  closed  chest  dogs 
to  90  minutes  of  coronary  artery  occlusion  followed  by  24  hours  of  reperfusion. 
Either  Fluosol  or  Ringer’s  lactate  were  given  intravenously  over  30  minutes  just  prior 
to  reperfusion.  In  this  study,  in  which  animals  were  ventilated  with  room  air,  Fluosol 
reduced  infarct  size  expressed  as  a  percentage  of  the  risk  zone  from  25%  in  controls 
to  7%  in  treated  animals.  This  was  associated  with  improved  wall  motion  of  the 
infarct  zone.  Indium- 1 1 1  labeling  studies  revealed  less  neutrophil  demargination  and 
infiltration  into  the  ischemic  zone.  The  endothelial  cells  were  better  preserved  in  the 


1076 


KLONER  AND  HALE 


Fluosol  group  compared  to  the  control  group.  In  vitro  leukocyte  studies  revealed  that 
at  one  hour  after  reperfusion  neutrophils  from  Fluosol  treated  animals  had  impaired 
chemotactic  ability  and  reduced  lysozyme  release.  However,  there  was  no  difference 
in  superoxide  anion  production  between  groups.  Babbitt  et.  al.  [23]  observed  that 
Fluosol  pretreatment  of  neutrophils  suppressed  their  adherence  to  either  normoxic  or 
anoxic  isolated  endothelial  cells.  Pretreatment  of  the  endothelial  cells  did  not  inhibit 
neutrophil  adherence,  suggesting  that  Fluosol’s  beneficial  effects  were  due  to 
interaction  with  neutrophils,  rather  than  endothelium.  The  detergent,  Pluronic  F68, 
used  to  emulsify  the  perfluorocarbon  did  not  affect  neutrophil  adherence.  Also 
neutrophils  stimulated  by  lectins  had  reduced  release  of  lysozymes  after  incubation 
with  Fluosol.  A  report  by  Kolodgie  in  which  the  anatomic  zone  of  "no- reflow"  was 
measured  with  the  fluorescent  dye,  thioflavin-S,  showed  that  intracoronary  Fluosol 
20%  given  during  reperfusion  reduced  the  area  of  no  reflow  and  number  of  capillaries 
plugged  with  neutrophils  [24].  Forman  recently  showed  [25]  that  a  low  dose  of 
intravenous  Fluosol  reduced  peripheral  neutrophil  count  and  function,  associated  with 
a  reduction  of  infarct  size.  These  studies  thus  support  the  concept  that  Fluosol 
inhibits  neutrophil  activation,  resulting  in  less  endothelial  damage  and  less  reperfusion 
injury  including  less  no  reflow.  However,  the  concept  of  reperfusion  injury  remains 
controversial  [26]  and  whether  "no-reflow"  actually  contributes  to  myocyte  cell  death 
is  not  resolved.  Also,  it  is  possible  that  any  agent  that  reduces  myocardial  infarct  size 
by  any  mechanism  will  result  in  less  neutrophil  accumulation  and  activation  in  the 
heart  and  less  no-reflow.  That  is,  it  is  possible  that  fluorocarbon  preparations  reduce 
infarct  size  by  some  other  mechanism  and  the  reduced  neutrophil  accumulation  and 
endothelial  damage  are  only  secondary  phenomena.  Work  by  Schaer  et.  al.  [27]  has 
confirmed  the  basic  finding  of  Forman’s  that  reperfusion  with  Fluosol  can  reduce 
infarct  size  in  the  canine  model.  In  their  study  closed  chest  dogs  received  a  90  minute 
angioplasty  balloon  coronary  occlusion.  In  a  Fluosol-treated  group,  the  balloon 
remained  inflated  for  an  additional  15  minutes  during  which  oxygenated 
perfluorocarbon  was  administered  into  the  occluded  coronary  artery.  Control  dogs 
had  simple  balloon  deflation  at  90  minutes.  At  one  week,  the  percent  of  the  risk  zone 
that  developed  necrosis  was  51%  in  the  controls  versus  27%  in  Fluosol-treated  animals. 
There  were  no  differences  in  hemodynamics  between  groups.  Similar  to  the  studies 
of  Forman  there  was  improvement  in  regional  ventricular  function  in  the  treated 
group.  The  authors  concluded  that  the  oxygenated  perfluorochemicals  reduced 
reperfusion  injury.  While  many  recent  studies  have  examined  the  effects  of  Fluosol 
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in  ischemia/reperfusion  models  in  the  dog,  studies  from  Virmani’s  lab  have  confirmed 
that  intravenous  Fluosol  (20%)  can  reduce  infarct  size  in  a  rabbit  model  of  30  minutes 
of  coronary  occlusion  followed  by  reperfusion  [28,  29].  In  these  studies  Fluosol 
treatment  began  at  20  minutes  into  coronary  occlusion  or  at  the  time  of  reperfusion 
and  continued  for  20  minutes  into  reperfusion.  A  dose  dependent  reduction  of  infarct 
size  was  observed.  Infarct  size  reduction  was  observed  with  doses  of  20  ml/kg  -  30 
ml/kg  of  Fluosol.  As  in  the  canine  model,  neutrophil  infiltration  was  significantly 
decreased  in  all  treated  groups  [28]  and  there  was  no  inhibition  of  healing  or  excess 
wall  thinning  at  7  or  14  days  [29]. 

Perhaps  one  of  the  most  intriguing  recent  studies  is  one  by  Schaer’s  group  [30] 
which  demonstrated  that  a  detergent  component  used  with  fluorocarbons,  Poloxamer 
188,  was  capable  of  reducing  infarct  size  in  a  canine  coronary  artery 
occlusion/reperfusion  model.  This  effect  may  be  through  neutrophil  activation  or 
beneficial  rheologic  changes  [3 1  ].  Preliminary  results  f rom  our  laboratory  also  suggest 
that  the  vehicle  or  detergent  may  be  active  in  reducing  ischemia/reperfusion  injury. 
If  these  studies  are  confirmed  in  the  future;  it  may  be  that  the  emulsifiers  are  more 
important  than  the  perfluorocarbons  themselves  in  infarct/reperfusion  models.  Of 
note,  most  previous  studies  which  examined  the  effect  of  perfluorochemicals  such  as 
Fluosol  (20%)  on  myocardial  infarct  size  used  saline  or  Ringer’s  lactate  as  the  control 
infusion.  Because  of  this,  few  studies  have  examined  the  emulsifiers  alone;  however 
it  appears  that  study  of  the  emulsifiers  may  become  a  major  area  of  future 
investigation.  These  agents  might  work  by  alteration  of  neutrophil  function,  alteration 
of  the  complement  system,  or  perhaps  by  improving  viscosity  and  increasing  coronary 
collateral  blood  flow.  The  readers  are  encouraged  to  see  a  recent  excellent  review  on 
the  issue  of  myocardial  reperfusion  injury  and  perfluorochemical  emulsions  [32]. 

PERFLUOROCARBONS  AS  ADJUNCTIVE  THERAPY  TO  REPERFUSION  IN  MAN 

The  first  clinical  trial  of  the  use  of  Fluosol  in  patients  with  acute  myocardial 
infarct  was  reported  in  1991  by  Forman  et.  al.  [33].  Twenty-six  patients  who 
presented  within  4  hours  of  a  first  anterior  wall  myocardial  infarction  received  either 
emergency  angioplasty  or  angioplasty  followed  by  a  30  minute  intracoronary  infusion 
of  Fluosol  (20%)  oxygenated  to  a  partial  pressure  of  oxygen  of  >  500  mmHg.  Infarct 
size  was  assessed  by  thallium  imaging  and  regional  wall  motion  by  left 
ventriculography.  In  patients  receiving  Fluosol,  there  was  a  trend  towards  higher 
global  ejection  fraction  at  12  days  (54%  vs  42%,  p=NS).  There  was  a  significantly 
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greater  increase  in  chord  shortening  (a  measure  of  regional  wall  motion)  in  the  Fluosol 
group  at  12  days  (23%)  compared  to  controls  (8%).  Infarct  size  estimated  from 
thallium  perfusion  defects  and  expressed  as  a  percentage  of  the  left  ventricle  was 
smaller  in  the  Fluosol  group  (3.5%)  compared  to  angioplasty  alone  (18%).  This  is 
really  the  first  clinical  trial  suggesting  that  reperfusion  injury  may  occur  in  man  and 
that  pharmacologic  therapy  with  intracoronary  Fluosol  could  reduce  that  injury. 
However,  a  preliminary  report  from  the  TAMI  -  9  study,  a  multicenter  study  of 
intravenous  Fluosol  coupled  with  thrombolysis,  failed  to  show  a  beneficial  effect  of 
Fluosol  on  survival,  reinfarction,  recurrent  ischemia,  infarct  size  or  global  left 
ventricular  function  [34].  Nevertheless,  a  large  intracoronary  Fluosol  trial  coupled 
with  reperfusion  is  planned. 

In  summary  -  perfluorochemical  preparations  have  been  shown  to  reduce 
myocardial  infarct  size  when  given  in  experimental  models  of  reperfused  infarcts. 
Several  laboratories  have  suggested  that  this  effect  is  related  to  reducing  reperfusion 
injury  possibly  by  inhibition  of  neutrophils.  One  lab  suggested  that  this  effect  is 
specific  to  perfluorochemical  and  not  the  detergent.  However,  another  laboratory  has 
recently  suggested  that  the  detergent  alone  and  not  the  perfluorochemcial  may  be  the 
active  ingredient.  One  pilot  study  suggested  that  oxygenated  fluorocarbons  given  with 
reperfusion  for  acute  myocardial  infarction  reduced  infarct  size  and  improved 
regional  left  ventricular  function.  Data  from  a  large  clinical  intravenous  trial  of 
Fluosol  was  essentially  negative.  Whether  perfluorochemical  preparations  will  play  an 
important  role  in  treating  patients  with  acute  myocardial  infarction,  remains  to  be 
determined. 


SUMMARY 

Fluosol  (20%)  is  currently  approved  for  delivering  oxygen  distal  to  an 
occluding  coronary  angioplasty  balloon  during  brief  coronary  occlusions.  Probably, 
the  majority  of  routine  angioplasty  procedures  do  not  require  this  therapy;  however 
it  appears  that  there  are  a  subset  of  unstable  and  high  risk  patients  who  will  especially 
benefit  from  intracoronary  Fluosol  during  angioplasty  [35].  Despite  one  promising 
small  pilot-study  [33]  a  large  multicenter  study  [34]  did  not  suggest  that  Fluosol  had 
important  treatment  benefits  over  control  reperfusion,  in  the  clinical  treatment  of 
acute  myocardial  infarction. 
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CARDIOVASCULAR  APPLICATIONS  OF  FLUOROCARBONS: 
CURRENT  STATUS  AND  FUTURE  DIRECTION  - 
A  CRITICAL  CLINICAL  APPRAISAL 
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Philadelphia,  Pennsylvania,  USA 


Abstract:  Alteration  of  normal  blood  flow  to  the  heart  may  result  in 
myocardial  ischemia  or  infarction.  Perfluorochemical  emulsions  offer  a 
potential  means  to  improve  oxygenation  of  the  heart  during  periods  of 
hypoxia.  The  small  particle  size  and  linear  disassociation  curve  of 
perfluorochemicals  may  result  in  greater  oxygen  delivery  than  blood 
particularly  in  severely  diseased  or  damaged  atherosclerotic  vessels. 

Intracoronary  FIuosol  given  during  PTCA  reduces  the  myocardial  ischemia 
which  occurs  during  balloon  inflation.  Although  FIuosol  does  not  prevent 
myocardial  dysfunction  during  prolonged  balloon  inflations,  new  concentrated 
perfluorochemicals  have  increased  oxygen  delivery  capacity  and  may  have 
greater  benefit.  Experimentally,  during  coronary  occlusions,  perfluoro¬ 
chemicals  promote  higher  oxygen  tension  in  areas  of  ischemia  and  result  in 
infarct  size  reduction.  Reduction  of  oxygen  free  radicals  has  been  proposed 
as  the  mechanism  by  which  FIuosol  exerts  its  ability  to  reduce  infarct  size. 
Clinical  studies  with  FIuosol  and  thrombolytic  therapy  for  treatment  of  acute 
myocardial  infarctions  are  ongoing  to  assess  ability  to  preserve  myocardial 
function.  Perfluorochemical  cardioplegia  can  deliver  oxygen  during  periods 
of  cardiac  arrest  and  may  improve  immediate  post  CPB  myocardial  function 
particularly  in  those  patients  with  pre-existing  left  ventricular  dysfunction. 
The  oxygen-carrying  capacity  of  perfluorocarbons  and  its  unique  properties 
offer  great  advantages  to  improve  the  treatment  of  cardiovascular  diseases. 

The  myocardium  is  exquisitely  sensitive  to  alterations  in  oxygen 
delivery.  The  coronary  epicardial  vessels  supply  the  nutrients  necessary  for 
normal  myocardial  contractile  function.  Normal  systolic  shortening  of  the 
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mycxjyte  is  replaced  by  systolic  bulging  after  1  -  2  minutes  of  coronary 
occlusions.  [1]  Longer  periods  of  myocardial  ischemia  which  occur  during 
coronary  artery  spasm  or  acute  thrombosis  result  in  permanent  myocardial 
ischemia  and  necrosis.  After  40  minutes  of  coronary  occlusion, 
subendocardial  necrosis  has  begun  with  complete  transmural  injury  occurring 
within  4  to  24  hours  depending  upon  animal  species  and  presence  of 
collaterals.  [2]  The  use  of  the  oxygen-carrying  capacity  of  perfluorocarbon 
emulsions  has  been  evaluated  during  brief  periods  of  ischemia  such  as  during 
balloon  angioplasty, [3]  during  intermittent  periods  of  moderate  ischemia,[4] 
or  during  prolonged  periods  of  myocardial  ischemia  and  reperfusion. [5,6] 
Because  of  the  high  oxygen  solubility  and  small  particle  size,  perfluorocarbon 
emulsions  may  have  improved  oxygen  delivery  in  settings  of  myocardial 
ischemia. 

FLUOROCARBON  USE  DURING  PTCA 

Intracoronary  administration  of  Fluosol  is  a  FDA  approved  adjunct  to 
conventional  angioplasty,  but  is  used  in  only  a  fraction  of  600,000 
angioplasties  performed  annually.  Examination  of  the  clinical  results  utilizing 
Fluosol  in  the  angioplasty  population  may  give  partial  explanation  for  these 
findings. 

The  initial  report  of  20  patients  undergoing  PTCA  of  the  left  anterior 
descending  artery  showed  preservation  of  wall  motion  during  the 
administration  of  oxygenated  Fluosol.  [7]  The  goal  of  distal  perfusion  during 
coronary  angioplasty  was  to  enhance  the  safety  of  those  patients  undergoing 
interventional  revascularization,  prolong  the  duration  of  balloon  inflation, 
and  improve  the  rate  of  restenosis.  Balloon  angioplasty  is  known  to  result 
in  enlargement  of  the  vessel  lumen  and  disruption  of  the  intima.[8]  A.S  the 
subintimal  tear  heals  with  fibroblast  migration,  excessive  fibroblast 
proliferation  may  lead  to  exaggerated  healing  response  and  restenosis. 
Restenosis  varies  upon  lesion  site,  coronary  artery  dilated,  clinical  factors  and 
occurs  currently  between  30  and  50%. [9] 

Other  studies  with  Fluosol  administration  during  experimental  PTCA 
showed  delayed  appearance  of  wall  motion  abnormalities  compared  to 
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untreated  controls,  but  the  preservation  of  wall  motion  and  myocardial 
function  was  less  than  if  arterial  blood  was  infused  rather  than  Fluosol.[10] 
This  same  group  examined  regional  myocardial  lactate  extraction  which  is 
preserved  when  oxygen  delivery  is  adequate  and  found  that  lactate  extraction 
was  maintained  only  via  blood  perfusion  and  lactate  production,  not 
extraction,  occurred  during  administration  of  Fluosol.  Myocardial  lactate 
metabolism  was  also  studied  during  Fluosol  infusion  in  patients  undergoing 
PTCA.[11]  Although  myocardial  function  was  preserved  during  Fluosol 
infusion  compared  to  control,  lactate  production  occurred  during  Fluosol 
infusion  implying  inadequate  oxygen  delivery.  A  large  multi-center 
randomized  trial  examined  Fluosol  administration  in  245  angioplasty 
patients.  [12]  Patients  treated  with  Fluosol  had  less  ST  segment  changes  and 
angina  than  control  patients  but  did  not  greatly  alter  overall  clinical  outcome. 
The  above  studies  show  that  Fluosol  infusion  during  PTCA  provides 
inadequate  oxygen  delivery  to  allow  prolonged  balloon  inflation.  As  most 
PTCA  patients  can  tolerate  90  -180  seconds  of  balloon  inflation  without  distal 
perfusion,  the  duration  of  balloon  inflation  is  not  prolonged  by  Fluosol 
infusion. 

Old  technology  balloons  with  higher  profile  and  larger  guide  wire 
diameter  are  necessary  for  fluorocarbon  infusion  and  increase  the  difficulty 
of  PTCA  being  performed.  New  PTCA  balloons  which  are  routinely 
employed  have  reduced  profile,  enhanced  tractability,  utilize  small  guide 
wires  (.010  -  .014  inches),  and  are  not  capable  of  adequate  distal  infusion  of 
blood  or  fluorocarbon. 

Second  generation  of  Fluorocarbons  have  increased  oxygen  carrying 
capacity  and  may  be  able  to  deliver  more  oxygen  at  lower  inftision  rates. 
Second  generation  fluorocarbon  emulsion,  such  as  Oxygent^**,  a  perflubron 
emulsion  [13,14],  has  been  studied  in  experimental  angioplasty  models.  A 
90%  W/V  perflubron  emulsion  was  studied  in  a  canine  angioplasty  model 
with  distal  coronary  perfusion  occurring  during  LAD  occlusion.  [15]  As 
opposed  to  earlier  studies[16]  which  showed  that  Fluosol  administration  at 
30  cc/min  did  not  preserve  myocardial  function  as  well  as  blood  perfusate. 
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perflubron  infusion  at  24  ml/min  was  able  to  maintain  normal  systolic 
function  in  the  ischemic  zone  during  a  two  minute  coronary  occlusion.  Flow 
was  limited  to  24  ml/min  in  part  because  of  the  high  viscosity  of  the 
emulsion.  Newer  emulsions,  which  are  60  w/v  perflubron,  are  currently  being 
evaluated  for  PTCA  application. 

Despite  the  clinical  studies  in  favor  of  Fluosol  administration  during 
angioplasty,  advances  in  catheter  technology  have  deterred  further  use  of 
Fluosol  clinically  during  angioplasty.  An  autoperfusion  balloon  catheter  was 
developed  to  allow  passive  myocardial  perfusion  during  balloon  inflation 
through  a  central  lumen  with  multiple  side  holes  in  the  shaft  proximal  and 
distal  to  the  balloon.  [17]  Blood  delivery  using  the  autoperfusion  balloon  is 
dependent  upon  the  patient  having  adequate  blood  pressure.  Of  more 
interest,  15  minute  PTCA  perfusion  balloon  inflations  which  are  longer  in 
duration  than  could  occur  during  Fluosol  infusion,  do  not  alter  clinical 
restenosis  following  angioplasty.  Prolonged  perfusion  balloon  inflations  have 
dramatically  enabled  salvaging  of  failed  PTCAs  and  prevented  emergency 
CABG  surgery.  [18] 

In  selected  high  risk  angioplasty  candidates  with  ejection  fractions  of 
less  than  30%,  or  in  those  patients  with  a  large  area  of  muscle  at  risk  for  left 
ventricular  dysfunction,  fluorocarbon  infusion  during  angioplasty  may 
increase  the  safety  of  the  patient  undergoing  angioplasty. [19]  Only  a  small 
percentage  of  the  600,000  PTCA  patients  might  benefit  from  improved 
oxygen  delivery  during  that  angioplasty.  The  clinical  use  of  Fluosol  infusion 
during  PTCA  balloon  inflation  is  limited  by  amount  of  oxygen  delivery, 
failure  of  prolonged  inflations  to  impact  on  restenosis,  non-compatibility  with 
new  generation  PTCA  catheters. 

FLUOROCARBON  UTILITY  IN  REPERFUSION  OF  ISCHEMIC 
MYOCARDIUM 

Early  reperfusion  of  an  evolving  infarction  has  been  shown  to  limit 
myocardial  necrosis  and  preseive  ventricular  contractile  function,  thereby 
reducing  cardiac  mortality.  [20,21]  However,  the  introduction  of  oxygen, 
calcium  and  cellular  elements,  particularly  neutrophils  to  the  ischemic 
myocardium,  may  initiate  deleterious  cascade  which  limits  myocardial  salvage 
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after  reperfusion. [22,23,24]  The  process  of  reperfusion  causing  further 
myocyte  damage  has  been  termed  "reperfusion  injury". [25] 

Fluorocarbon  Cardioplegia 

Controlled  reperfusion  of  globally  arrested  hearts  occurs  clinically 
during  open  heart  surgeiy.  Hypothermic,  hyperkalemic  crystalloid 
cardioplegia  provides  excellent  protection  during  aortic  cross-clamping 
required  for  open  heart  surgery[26]  and  is  not  improved  by  the  addition  of 
fluorocarbon  during  routine  CABG.[27] 

However,  when  prolonged  periods  of  ischemia  occur  prior  to 
emergency  open  heart  surgery,  additional  protection  may  be  beneficial, [28] 
Both  the  Fluosol  cardioplegia  and  blood  cardioplegia  significantly  enhanced 
recovery  of  systolic  shortening  compared  to  reperfusion  with  normal  blood 
following  2  hours  of  left  anterior  descending  occlusion.  [27]  Tissue  ATP 
levels  were  better  preserved  by  blood  cardioplegia  compared  to  Fluosol 
cardioplegia.  The  investigators  questioned  whether  the  oxygen  carrying 
capacity  of  Fluosol  is  adequate  to  repay  the  oxygen  debt  which  occurs  during 
prolonged  periods  of  ischemia.  Other  groups  have  examined  the  difference 
between  Fluosol  containing  cardioplegia  and  blood  cardioplegia  and  found 
that  both  maintain  preservation  of  stroke  work  index  following  periods  of 
ischemic  arrest.  [28]  However,  blood  cardioplegia  showed  better  metabolic 
preservation  by  maintaining  the  ability  for  lactate  utilization  as  opposed  to 
lactate  production  in  the  Fluosol  cardioplegic  group.  The  addition  of 
substrate  enhancement  such  as  aspartate/glutamate-enriched  perfluoro¬ 
chemical  cardioplegia  has  also  been  shown  to  offer  additional  myocardial 
preservation  following  12  hours  of  global  hypothermic  ischemia  in  neonatal 
piglet  hearts.  [28] 

Following  routine  open  heart  surgery,  fluorocarbon  enriched 
cardioplegia  appears  as  adequate  as  crystalloid  or  blood  cardioplegia. 
However,  following  prolonged  myocardial  ischemia,  both  fluorocarbon 
cardioplegia  and  blood  cardioplegia  provide  individual  benefits  by  modifying 
the  reperfusion  of  the  myocardium.  Blood  cardioplegia  may  provide 
increased  oxygen  delivery[25]  while  Fluosol  cardioplegia  supplies  oxygen 
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without  the  potentially  detrimental  neutrophils,  platelets  or  other  blood 
components.  [29] 

Reperfusion  During  an  Acute  Myocardial  Infarction 

Reperfusion  of  ischemic  myocardium  also  occurs  during  opening  of 
occluded  epicardial  vessels  during  a  myocardial  infarction.  The  role  of 
fluorocarbons  in  reperfusion  of  acute  myocardial  infarction  has  been 
investigated  in  animal  models.  Intravenous  Fluosol  administration  in  a  dog 
model  of  coronary  occlusion  with  reperfusion  was  shown  to  significantly 
reduce  the  amount  of  myocardium  undergoing  necrosis[5]  (see  Figure  1).  A 
similar  reduction  of  myocardial  infarct  size  was  also  seen  in  a  rabbit  model 
with  intravenous  Fluosol  administration  but  only  when  animals  were  treated 
with  20  -  30  ml/kg  of  Fluosol.  [30]  The  mechanism  of  reduction  in 
reperfusion  injury  by  Fluosol  has  in  part  been  attributed  to  inhibition  of 
neutrophil  chemotaxis  and  enhanced  oxygen  tissue  delivery.  Reperfusion  of 
ischemic  myocardial  with  neutrophil  depleted  blood  also  has  been  shown  to 
reduce  infarct  size. [31] 

Recent  data  show  the  beneficial  effect  of  Fluosol,  independent  of 
oxygen  delivery,  providing  further  evidence  supporting  neutrophil  inhibition 
as  the  mechanism  of  protection.  [32,33]  Compliment  and  platelets  have  also 
been  shown  to  decrease  with  Fluosol  administration,  thus  suggesting  other 
factors  aside  from  neutrophil  depletion,  as  being  mediators  of  reducing 
reperfusion  injury.  [34] 

Clinical  studies  have  been  initiated  to  examine  the  ability  of  Fluosol 
to  improve  myocardial  salvage  in  patients  with  acute  myocardial  infarction.  [6] 
The  initial  pilot  study  (N=12)  randomized  patients  with  an  acute  myocardial 
infarction  and  documented  total  occlusion  of  the  left  anterior  descending 
artery,  to  direct  myocardial  infarction  PTCA  vs.  direct  myocardial  infarction 
PTCA  plus  Fluosol  infusion.  The  rationale  for  using  patients  in  the  process 
of  acute  myocardial  infarction  was  to  insure  Fluosol  delivery  occurred  in  the 
setting  of  myocardial  ischemia  and  Fluosol  would  be  infused  prior  to  blood 
reperfusion.  Regional  wall  motion  shortening  was  improved  in  the  6  patients 
treated  with  direct  PTCA  and  Fluosol  infusion  compared  to  direct  PTCA 
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FIGURE  1 :  The  amount  of  myocardium  undergoing  necrosis  (Aj^)  expressed  as  a 
percent  of  the  area  at  risk  (Ar)  or  total  left  ventricle  (LV)  is  shown  for  both 
treatment  groups.  From  ref.  [5].  (Reproduced  by  permission  from  the  authors). 


controls  (see  Figure  2).  These  findings  need  to  be  substantiated  in  larger 
study  groups. 

The  clinical  role  of  IV  Fluosol  administration  was  investigated  in 
TAMI  9,  a  randomized  trial  of  430  patients  treated  with  thrombolytic  therapy 
for  an  acute  myocardial  infarction.[35]  Patients  with  acute  myocardial 
infarction  were  given  standard  thrombolytic  therapy  then  randomized  to 
receive  Fluosol  or  no  Fluosol  and  followed  for  clinical  endpoints.  Fluosol 
was  given  at  a  total  dose  of  15  ml/kg  and  100%  oj^gen  was  delivered  through 
a  non-rebreather  mask.  Results  showed  that  left  ventricular  ejection  fraction 
was  not  improved  in  the  Fluosol  treated  group  when  compared  to  controls. 
When  regional  wall  motion  was  examined  in  the  subset  of  patients  with 
anterior  myocardial  infarctions,  a  possible  trend  towards  improvement  was 
noted. 


PTCA  PTCA  +  Fluosol 
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(PTCA)  or  angioplasty  plus  Fluosol  is  shown.  Although  most  patients 
demonstrated  improved  regional  ventricular  function  at  12  days,  adjunctive  therapy 
with  Fluosol  resulted  in  a  significantly  greater  improvement.  Wall  motion  assessed 
on  radionuclide  ventriculogram.  From  ref.  [6],  (Reproduced  by  permission  from 
the  authors). 
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Despite  the  animal  experimental  data  showing  strong  support  for  the 
ability  of  FIuosol  to  limit  infarct  size,  in  this  first  clinical  study,  IV  Fluosol 
given  in  conjunction  with  thrombolytic  therapy  for  an  acute  myocardial 
infarction  did  not  improve  the  overall  clinical  outcome  of  patients. 
Limitations  of  study  design  may  have  adversely  affected  patient  outcome  and 
prevented  showing  any  clinical  improvement.  If  blood  products  are 
reperfused  into  the  ischemic  zone  prior  to  the  initiation  of  IV  Fluosol,  the 
potential  benefit  of  Fluosol  may  be  offset  by  the  entry  of  blood  into  the 
region  of  myocardial  necrosis.  Furthermore,  IV  thrombolytic  therapy  results 
in  recanalization  in  only  60  -  70%  of  patients,  thus  patients  receiving  Fluosol 
may  not  have  reperfused  clinically.  Fluosol  randomization  occurred  after  the 
administration  of  thrombolytic  therapy,  thereby  increasing  the  possibility  of 
blood  reperfusion  prior  to  Fluosol.  Finally,  the  sample  size  may  have  been 
insufficient  to  detennine  clinical  differences  between  the  two  groups.  The 
experimental  animal  data  shows  a  protective  benefit  of  Fluosol  reperfusion 
with  prolonged  myocardial  ischemia  which  might  be  demonstrated  in  larger 
clinical  trials. 

FUTURE  OF  CARDIOVASCULAR  APPLICATIONS  OF 
FLUOROCARBONS 

Percutaneous  Transluminal  Coronary  Angioplasty 

The  use  of  Fluosol  or  second  generation  fluorocarbon  infusion  during 
routine  angioplasty  will  remain  at  its  current  low  level,  given  the  current 
cumbersome  methods  by  which  fluorocarbons  need  to  be  delivered  by  the 
larger  outdated  angioplasty  catheters.  The  ability  of  autoperfusion  balloon 
to  deliver  blood  simply  via  the  perfusion  pressure  of  the  patient  has  obviated 
the  need  for  distal  infusion  in  some  patients. 

Emergency  PTCA  of  an  infarct  related  coronary  artery  requires 
prompt  delivery  to  a  hospital  with  a  24  hour  standby  catheterization  team. 
When  such  facilities  are  available,  direct  myocardial  infarction  PTCA  has 
been  proven  beneficial.  Direct  myocardial  infarction  PTCA  with  infusion  of 
Fluosol  offers  an  ideal  delivery  of  fluorocarbons  into  the  ischemic 
myocardium  while  an  inflated  PTCA  balloon  prevents  normal  blood  products 
from  entering  the  ischemic  zone.  The  experimental  animal  evidence  and  the 
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limited  clinical  studies  strongly  suggest  Fluosol  infusion  via  distal  PTCA 
balloon  for  direct  reperfusion  of  an  acute  myocardial  infarction  will  be 
beneficial  with  decreased  myocardial  necrosis  and  improved  myocardial 
preservation. 

Although  the  initial  clinical  study  failed  to  show  myocardial  salvage 
with  IV  Fluosol  after  thrombolytic  therapy  for  an  acute  myocardial  infarction, 
a  larger  study  may  show  other  fluorocarbons.  Fluorocarbons  with  higher 
oxygen  saturation  may  result  in  greater  tissue  salvage  and  warrant  further 
investigation. 

Emergency  Coronary  Artery  Bypass  Grafting 

Following  failed  angioplasties  or  in  those  patients  with  known 
coronary  artery  disease  who  were  brought  emergency  to  the  operating  room 
with  active  ischemia,  fluorocarbon-enriched  cardioplegia  may  reverse  the 
ischemic  processes  which  were  initiated  with  acute  coronaiy  insufficiency, 
Oxygen-Carrying  Contrast  Agent 

Perflubron  has  a  bromine  atom  present  which  is  radiodense.  The 
radiodensity  of  perflubron  can  be  enhanced  by  the  addition  of  conventional 
iodine  contrast  agents  to  create  an  oxygen-carrying  compound  that  will  give 
adequate  cineangiography  pictures  of  epicardial  coronary  vessels  while 
maintaining  PO2  of  450  mmHg. 

With  improved  oxygen  delivery  and  simplified  handling  characteristics, 
fluorocarbon  administration  will  become  more  widespread  in  selected 
cardiovascular  patients.  Earlier  estimates  of  cardiovascular  usage  may  have 
been  overly  optimistic,  however,  areas  of  definite  clinical  benefit  of 
cardiovascular  administration  of  fluorocarbons  have  been  or  are  being 
determined.  The  cardiologist  will  learn  which  groups  may  benefit  most  from 
the  administration  of  fluorocarbons. 
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Solid  malignancies  are  supported  by  abnormal,  deficient  vascular  beds. 
Transient  and  chronic  interruptions  in  blood  flow  subject  some  regions  in  solid 
tumors  to  a  range  of  environmental  deficiencies,  including  severe  hypoxia. 
Because  O2  is  a  potent  radiosensitizer,  hypoxic  tumor  cells  are  resistant  to 
radiation  and  limit  the  response  of  tumors  to  single  doses  of  radiation, 
fractionated  radiotherapy,  and  brachytherapy.  Perfluorochemical  emulsions 
(PFC-E)  offer  an  effective  approach  for  transporting  O2  at  high  partial 
pressures  and  delivering  O2  to  tumor  regions  which  would  otherwise  be 
hypoxic.  Appropriate  combinations  of  PFC-E  and  O2,  carbogen,  or  hyperbaric 
oxygen  improve  tumor  oxygenation,  assessed  by  microelectrodes,  3ip_MRS, 
cytochrome  aa3  oxidation,  or  hemoglobin  saturation,  and  produce 
concomitant  changes  in  tumor  radiosensitivity.  A  variety  of  PFC-E,  with 
different  formulations,  improve  the  response  of  experimental  tumors  to 
radiation,  without  compromising  the  radiation  tolerance  of  critical  normal 
tissues.  These  studies  suggest  that  adequately  intensive  regimens  using 
appropriate  PFC-E  as  adjuncts  to  radiotherapy  could  improve  the  treatment  of 
patients  with  cancer. 


INTRODUCTION 

As  the  malignant  cells  of  solid  tumors  proliferate,  they  invade,  compress,  and 
obliterate  the  blood  vessels  which  originally  supported  the  tissue.  Although 
neovascularization  occurs,  the  new  blood  vessels  are  usually  abnormal  and 
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disorganized.  The  defective  vasculature  within  tumors  results  in  shunting, 
retrograde  flow,  stasis,  and  other  abnormalities  in  blood  flow  [1,2],  Tumors 
therefore  contain  regions  in  which  transient  interruptions  of  blood  flow  or 
chronic  perfusion  deficits  lead  to  the  development  of  hypoxia  and  a  variety  of 
other  environmental  inadequacies  [3-6].  Hypoxia  develops  early  in  the  course 
of  tumor  growth— even  microscopic  tumors  have  significant  numbers  of 
hypoxic  cells  [3].  Because  malignant  cells  are  selected  for  their  ability  to 
survive  in  adverse  microenvironments  during  the  subclinical  development  of 
neoplasms,  most  macroscopic  tumors  contain  significant  numbers  of  viable, 
hypoxic  cells.  In  most  rodent  tumors  and  human  tumor  xenografts,  10-20%  of 
the  viable  tumor  cells  are  radiobiologically  hypoxic  [3,6];  there  is  increasing 
evidence  that  human  tumors  contain  similar  proportions  of  hypoxic  cells  [5]. 


Hypoxia  protects  against  radiation  because  O2  participates  in  the  complex 
chain  of  chemical  reactions  which  lead  from  the  deposition  of  radiation  energy 
to  the  production  of  cytotoxic  DNA  damage.  Because  these  chemical 
reactions  are  complete  within  a  few  milliseconds  after  irradiation,  O2  must  be 
present  during  irradiation  to  act  as  a  radiosensitizer  and  need  not  be  present 
either  before  or  after  radiation  treatment.  Very  low  levels  of  O2  are  needed  for 
effective  radiosensitization  [7].  The  half-maximum  for  sensitization  occurs  at  a 
p02  of  only  3  torr.  The  radiosensitizing  effect  of  O2  saturates  at  oxygen 
concentrations  similar  to  those  in  venous  blood  (20-40  torr);  cells  at  these 
oxygen  tensions  have  radiosensitivities  virtually  indistinguishable  from  cells 
equilibrated  with  air,  100%  O2,  or  hyperbaric  oxygen.  Because  of  this,  most 
normal  tissues  exhibit  full,  or  nearly  complete,  aerobic  radiosensitivity.  In 
contrast,  solid  tumors  contain  areas  with  oxygen  levels  low  enough  to 
produce  partial  or  compete  hypoxic  radioresistance. 

Because  severely  hypoxic  cells  are  approximately  three  times  more  resistant  to 
radiation  that  aerobic  cells,  even  very  small  numbers  of  hypoxic  cells  will 
dominate  the  response  of  the  tumors  to  large  doses  of  radiation.  Hypoxic  cells 
have  been  shown  to  limit  the  response  of  experimental  tumors  to  intensive, 
potentially  curative,  treatments  with  large  single  doses  of  radiation, 
fractionated  radiotherapy,  or  the  continuous  low-dose-rate  irradiations  used  in 
brachy therapy  [3,4,6].  Although  data  from  clinical  trials  are  less  clear  and 
convincing,  there  is  increasing  evidence  that  hypoxic  cells  limit  the  response 
of  some  human  tumors  to  conventional  radiotherapy  regimens,  and  that  the 
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outcome  of  cancer  therapy  can  be  improved  in  certain  diseases  by  the  use  of 
treatment  regimens  designed  to  circumvent  the  protective  effects  of  hypoxia 

[5]. 


This  paper  reviews  studies  performed  by  our  group  over  the  past  decade  [7- 
27],  which  have  examined  the  hypothesis  that  perfluorochemical  emulsions 
can  be  used  to  deliver  O2  at  high  partial  pressures  to  solid  tumors,  thereby 
oxygenating  tumor  cells  which  would  otherwise  be  hypoxic  and  improving 
the  outcome  of  radiation  therapy. 

MATERIALS  AND  METHODS 

The  studies  reviewed  here  were  performed  using  EMT6  mammary  tumors  in 
BALB/e  Rw  mice  and  BA1112  rhabdomyosarcoms  in  WAG/rij  Y  rats.  These 
tumors  were  selected  because  they  normally  contain  significant  and  well- 
defined  proportions  of  viable  hypoxic  cells,  which  determine  the  response  of 
the  tumors  to  intensive  irradiation  [3].  These  tumors  have  been  used 
extensively  to  study  the  effects  of  radiosensitizers,  bioreductive  alkylating 
agents,  altered  fractionation  patterns,  and  brachytherapy.  The  techniques 
used  in  these  studies  are  detailed  in  the  primary  publications 
[12,14,15,17,19,21].  Experiments  were  performed  in  full  compliance  with  all 
applicable  animal  welfare  regulations.  Three  PFC-E  were  examined  in  the 
studies  reviewed  here:  Fluosol®,  an  emulsion  containing  14%  w/v 
perfluorodecalin  and  6%  w/v  peril uorotripropylamine  [10,17]  and  FMIQ,  a 
20%  w/v  perfluoro-N-methyldecahydroisoquinoline  emulsion  [26]  from  Alpha 
Therapeutic  Corp.  and  Oxygent™  CA,  a  90%  w/v  perflubron  emulsion 
(perfluorooctylbromide  [PFOB])  [23-25]  from  Alliance  Pharmaceutical  Inc. 
These  emulsions  and  the  non-PFC-containing  Vehicle’  emulsion 
corresponding  to  Oxygent  were  graciously  provided  by  the  respective 
companies,  without  cost,  for  our  studies. 

RESULTS 

Several  series  of  experiments  examined  the  effects  of  PFC-E  on  the 
radiobiological  hypoxic  fractions  of  EMT6  and  BA  11 12  tumors  [12,17,23-26]. 
In  these  studies,  the  PFC-E  was  administered  by  slow  intravenous  injection, 
and  the  animals  then  breathed  oxygen,  carbogen  (95%  02/5%  CO2)  or 
hyperbaric  oxygen  (HBO;  100%  O2  at  3  AT  A)  before  and  throughout  the 
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FIGURE  1.  Survival  of  cells  in  EMT6  tumors  treated  with  x-rays  alone  (•)  or 
in  combination  with  15  ml/kg  FMIQ  plus  carbogen  (O).  Error  limits  on  all  Figs, 
are  SEM's.  Lines  shown  on  all  figures  were  fitted  by  regression  analyses  [3]. 
Reprinted  from  [26]. 


irradiations.  The  combinations  of  PFC-E  plus  these  02-enriched  atmospheres 
altered  the  tumor  cell  survival  curves,  as  illustrated  on  Fig.  1-4,  in  a  manner 
consistent  with  that  expected  theoretically  from  a  decrease  in  the  proportion 
of  hypoxic  cells  within  the  tumors  (a  detailed  consideration  of  the 
mathematics  and  assumptions  of  this  analysis  is  beyond  the  scope  of  this 
review,  and  can  be  found  elsewhere  [3]).  The  PFC-E  had  no  effects  on  the 
radiosensitivity  of  tumors  in  Na-asphyxiated  animals  and  small  or  no  effects  on 
tumors  in  air-breathing  animals  (Fig.  2;  Table  I).  No  effects  were  seen  in 
animals  injected  with  saline  or  the  non-PFC-containing  vehicle  emulsion  (Fig. 
2  and  3;  Table  I).  Carbogen,  O2,  or  HBO  alone  had  no  effects  in  EMT6  tumors 
(Fig  2,  Table  I)  and  small  effects  in  BA1112  tumors  (Fig.  3  and  4).  Thus,  a 
maximal  change  in  the  hypoxic  fraction  required  the  use  of  both  the  PFC-E 
and  the  oxygen-enriched  atmosphere,  as  would  be  expected  from  theoretical 
considerations  of  O2  transport  by  these  emulsions  and  by  blood  [11]. 
Analogous  effects  were  seen  in  2  different  tumor  models,  in  2  different  species 
of  rodents,  and  with  three  different  emulsions  having  very  different 
compositions  and  formulations.  Overall,  these  data  show  that  the 
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FIGURE  2.  Survival  of  cells  in  EMT6  tumors  treated  with  x-rays  alone  (O),  or 
in  combination  with  15  ml/kg  Fluosol  plus  carbogen  for  30  min  before  and 
during  irradiation  (•).  Several  controls  are  also  shown:  treatment  with 
Fluosol  and  carbogen  5  (A)  or  60  (▼)  min  before  irradiation;  air-breathing, 
Huosol  treated  mice  (S);  carbogen  breathing,  saline  injected  mice  (A).  N2- 
asphyxiated,  saline-injected  mice  (O).  N2-asphyxiated,  Fluosol  injected  mice 
(^).  Reprinted  from  [12]. 


oxygenation  and  radiation  response  of  solid  tumors  can  be  increased  by  the 
use  of  PFC-E  and  O2,  that  change  this  requires  the  presence  of  the  02-carrying 
perfluorochemical,  and  that  this  sensitization  is  not  unique  to  any  particular 
formulation  or  to  any  unique  component  of  a  specific  emulsion. 

The  dose  of  PFC-E  injected  influenced  the  magnitude  of  the  improvement  in 
radiation  response.  Sensitization  first  increased  with  increasing  PFC-E  dose 
and  increasing  Huorocrit  (Fig.  3)  [12,14-17,23,24].  At  very  high  PFC-doses, 
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FIGURE  3.  Survival  of  cells  in  BA  11 12  tumors  treated  with  x-rays  alone  (•) 
or  in  combination  with  carbogen  breathing  (A),  4  ml/kg  Oxygent  plus 
carbogen  (□),  10  ml/kg  Oxygent  plus  carbogen  (0),  or  vehicle  plus  air  (♦)  or 
carbogen  (O).  Reprinted  from  [23]. 


radiosensitivity  plateaued  or  decreased,  possibly  reflecting  the  limits  of  the 
improved  O2  delivery  and  diffusion  within  tumors  [11]  and  the  hemodynamic 
perturbations  produced  by  very  large  doses  of  PFC-E.  At  optimal  fluorocrits, 
the  exact  timing  of  the  PFC-E,  O2,  nnd  radiation  treatments  were  not  critical; 
times  of  5  min  to  1  hr  between  PFC-E  injection  [and  beginning  of  O2]  and 
irradiation  produced  similar  results  (Fig.  2)  [12,14,15,17].  With  longer  times, 
the  decrease  in  fluorocrit  was  paralleled  by  a  decrease  in  efficacy  [15,17]. 

An  extensive  series  of  experiments  was  performed  to  verify  that  the  observed 
changes  in  the  radiobiological  hypoxic  fractions  of  the  tumors  did  indeed 
reflect  changes  in  tumor  oxygenation.  In  one  series  of  experiments  [22],  the 
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FIGURE  4.  Survival  of  cells  in  BAl  1 12  tumors  treated  with  x-rays  alone  (0)^ 
x-rays  plus  HBO  (■),  4  ml/kg  vehicle  plus  HBO  (A),  or  4  ml/kg  Oxygent  plus 
HBO  (O).  Reprinted  from  [24]. 


TABLE  I 


Atmosphere 

None 

Emulsion 

10  ml/kg  Vehicle 

10  ml/kg  Oxygent 

Air 

.053  (.043  -  .066) 

.054  (.033  -  .088) 

.051  (.037  -  .070) 

02 

.046  (.036  -  .058) 

.059  (.050  -  .070) 

.035(  .026  -  .045) 

N2 

.21  (.18 -.25) 

.18  (.15 -.21) 

00 

4^ 

b 

Effect  of  the  atmosphere  and  injectant  on  the  survival  of  cells  from  EMT6 
tumors  irradiated  with  15  Gy.  Surviving  fractions  are  geometric  means  of  3-10 
independent  determinations;  numbers  in  parentheses  are  upper  and  lower 
standard  errors.  None  of  the  experimental  manipulations  altered  the  viability 
of  cells  in  unirradiated  EMT6  tumors. 
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oxygenation  of  BA1112  rhabdomyosarcomas  was  systematically  assessed 
using  a  variety  of  different  techniques.  Tissue  p02  was  measured  using  glass 
micro-Clark  electrodes.  Hemoglobin  saturation  and  the  redox  state  of 
cytochrome  aa3  were  measured  using  optical  spectrophotometry.  Magnetic 
resonance  spectroscopy  (^^P-MRS)  was  used  to  assess  tissue  energy 
metabolism  and  tissue  pH.  These  studies  showed  that  treatment  of  BAH  12 
tumors  with  a  PFC-E  (Oxygent)  plus  an  oxygen-enriched  atmosphere 
improved  the  oxygenation  of  the  tumors,  as  assessed  by  polarographic 
electrodes,  changes  in  hemoglobin  saturation,  and  changes  in  cytochrome  aa3 
reduction,  and  also  produced  the  changes  in  the  3lp  spectra  which  would  be 
expected  from  improved  oxygenation  (i.e.,  increased  PCr/Pi,  NTP/Pi,  and 
PDE/Pi  ratios).  Controls  treated  with  Oxygent  plus  air  or  N2  and  controls 
breathing  O2,  air,  or  N2  but  not  receiving  Oxygent  were  assessed 
concomitantly  to  examine  the  effects  of  each  manipulation  separately.  The 
combination  of  Oxygent  plus  O2  breathing  was  needed  to  produce  maximal 
improvements  in  tumor  oxygenation;  this  finding  is  in  agreement  with  the 
radiation  response  studies  described  above. 

Glass  micro-Clark  electrodes  were  also  used  to  assess  regional  oxygenation  in 
EMT6  tumors  [23].  In  these  tumors,  neither  Oxygent  alone  nor  carbogen- 
breathing  alone  produced  statistically  significant  changes  in  the  distribution 
of  oxygen  tensions  within  the  tumors,  but  the  combination  of  Oxygent  plus 
carbogen  produced  a  statistically  significant  decrease  in  the  proportion  of 
radiobiologically  hypoxic  areas.  This  finding  is  in  agreement  with  radiation 
response  data  for  this  tumor  [23]. 

These  studies  show  that  treatment  of  EMT6  and  BA  11 12  tumors  with 
Oxygent  plus  an  oxygen-enriched  atmosphere  improves  tumor  oxygenation; 
the  observed  changes  in  tumor  oxygenation  are  compatible  with  those 
expected  from  analyses  of  the  radiation  dose  response  curves  for  the  tumor 
cells.  These  findings  therefore  support  the  theoretical  rationale  underlying  the 
use  of  PFC-E  as  adjuncts  to  radiotherapy. 

Other  past  and  ongoing  research  in  our  own  and  other  laboratories  is 
addressing  the  next  question:  i.e.  whether  PFC-E  can  be  used  practically  and 
safely  as  effective  adjuncts  to  the  fractionated  radiation  regimens  and 
protracted  brachytherapy  regimens  used  in  radiotherapy.  Radiation  therapy  is 
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generally  delivered  as  many  small  radiation  doses  given  over  several  weeks  of 
treatment.  It  is  therefore  important  to  assess  whether  PFC-E  are  also  effective 
when  given  with  smaller  radiation  doses,  with  multi-fraction  irradiation,  and 
with  the  protracted  irradiations  used  in  brachytherapy.  A  variety  of  studies  in 
our  own  laboratory  and  by  others  show  that  PFC-E,  given  in  adequate  doses 
with  sufficient  frequencies,  do  improve  the  response  of  rodent  tumors  to 
fractionated  and  protracted  treatment  regimens  more  closely  resembling  those 
used  in  clinical  radiotherapy  (Fig.  5)  [4,12,19,20,21,25]. 

Radiobiologists  generally  have  not  examined  the  toxicities  of  PFC-E  given  as 
single  agents  in  intensive,  protracted  regimens,  because  this  is  better  assessed 
through  standard  toxicologic  studies.  However,  many  radiobiologists  have 
asked  whether  administration  of  PFC-E  and  oxygen  would  increase  the 
toxicity  of  radiation  to  the  critical  normal  tissues  which  limit  the  intensity  of 
radiation  therapy.  These  studies  have  shown  that  PFC-E  do  not  increase 
significantly  the  toxicity  of  radiation  to  skin,  hematopoetic  progenitor  cells, 
lung,  or  intestine  [12,19,20,24],  probably  because  these  normal  tissues  are 
already  well  oxygenated  and  therefore  cannot  be  sensitized  further  by  the 
increased  O2  delivered  by  the  PFC-E.  Detailed  studies  examining  the  growth, 
and  metastases  of  tumors  treated  with  PFC-E  have  also  been  performed 
[12,13,19].  These  studies  provide  no  indication  that  the  regimens  of  PFC-E 
and  oxygen  treatment  proposed  for  use  with  radiotherapy  would  increase  the 
growth  rate,  aggressiveness,  or  metastatic  potential  of  tumors.  In  summary, 
these  laboratory  studies  support  the  hypothesis  that  the  use  of  PFC-E  as 
adjuncts  to  radiotherapy  should  not  promote  tumor  growth  or  increase  the 
toxicity  of  radiation  to  the  normal  tissues  of  the  patients.  Thus,  appropriate 
use  of  a  PFC-E  as  an  adjunct  to  radiotherapy  should  increase  the  effectiveness 
of  radiotherapy,  without  similarly  increasing  the  adverse  side  effects  of  the 
treatment,  thereby  increasing  the  therapeutic  ratio  and  improving  the  outcome 
of  therapy. 


DISCUSSION 

Our  laboratory  studies  reviewed  here,  and  similar  studies  from  other 
laboratories,  support  the  hypothesis  that  appropriately  intensive  treatments 
with  PFC-E,  combined  with  carbogen,  oxygen,  or  HBO  can  be  used  to 
improve  the  oxygenation  of  solid  tumors  and  thereby  improve  the  response  of 
tumors  to  radiation  therapy  and  that  this  can  be  done  without  concomitantly 
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FIGURE  5.  Survival  of  cells  in  BA  11 12  tumors  treated  with  brachytherapy  at 
a  dose  rate  of  -1  Gy/hr.  Radiation  was  given  alone  (O)  or  in  combination  with 
a  single  injection  of  15  ml/kg  Fluosol  just  before  irradiation,  plus  carbogen 
throughout  irradiation  (•).  Reprinted  [21], 


augmenting  the  toxicity  of  the  treatment.  Although  clinical  trials  testing 
Huosol  as  an  adjunct  to  radiotherapy  were,  unfortunately,  terminated  at  total 
PFC-doses  too  low  to  test  the  efficacy  of  this  approach  rigorously  [27],  these 
trials  do  support  the  animal  studies  in  suggesting  that  this  combination  can  be 
given  safely  to  patients  with  cancer.  The  use  of  PFC-E  as  adjuncts  to 
radiotherapy  differs  markedly  from  most  other  potential  applications  of  these 
emulsions.  An  optimal  regimen  would  fully  oxygenate  every  hypoxic  tumor 
cell  throughout  each  radiation  treatment.  Because  radiotherapy  is  generally 
administered  as  a  series  of  brief  (1-5  min)  x-ray  treatments  given  daily  over  ~6 
weeks  or  as  low-dose-rate  brachytherapy  treatments  given  over  periods  of 
days  or  weeks,  the  development  of  emulsions  and  regimens  which  will  allow 
an  approximation  of  this  ideal  represents  a  formidable  challenge. 
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ABSTRACT 

Over  the  past  ten  years  several  laboratories  have  explored  the 
use  of  perfluorochemical  emulsions  (PFCE)  and  carbogen  (95% 
02/5%  CO2;  C)  or  oxygen  breathing  as  an  adjuvant  to  radiation 
therapy  and/or  chemotherapy  in  solid  tumor  model  systems.  The 
rationale  for  the  use  of  PFCE  and  C  or  oxygen  breathing  in  this 
therapeutic  setting  is  that  solid  tumor  masses  contain  areas  of 
hypoxia  which  are  therapeutically  resistant.  Since  x-rays  and 
many  chemotherapeutic  agents  require  oxygen  to  be  maximally 
cytotoxic  and  most  normal  tissues  are  well-oxygenated,  the 
additional  oxygen  put  in  circulation  by  the  PFCE/C  should  not 
increase  the  normal  tissue  toxicities  produced  by  the  various 
therapies.  Several  anticancer  agents  are  dependent  on  oxygen  to 
be  cytotoxic,  these  drugs  such  as  the  iron- chelating  peptide 
bleomycin  are  enhanced  in  antitumor  activity  by  the  co¬ 
administration  of  a  PFCE/C.  The  antitumor  all^lating  agents 
especially  cyclophosphamide,  BCNU  and  melphalan  show 
increased  tumor  cell  killing  without  a  concomitant  increase  in 
bone  marrow  toxicity  when  administered  with  PFCE/C.  Enhanced 
activity  was  also  observed  when  topoisomerase  II  inhibitors  such 
as  adriamycin  and  etoposide  were  co-administered  with  PFCE/C. 
Positive  effects,  although  smaller,  were  observed  when 
antimetabolites  such  as  5-fluorouracil  and  methotrexate  were  co¬ 
administered  with  PFCE/C. 

INTRODUCTION 

It  is  difficult  to  cure  most  solid  tumors  by  treatment  with 
nonsurgical  therapeutic  modalities.  Intrinsic  resistance  of  the 
tumor  cells  to  treatment  agents  provides  a  partial  explanation  for 
treatment  failure  [1-3];  heterogeneity  in  several  physiological 
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properties  of  solid  tumors  resulting  from  inadequate  and  non- 
uniform  vascularization  is  also  a  contributing  factor  [4-9]. 

Hypoxic  cells  in  solid  tumors  are  presumed  to  be  an  obstacle 
to  successful  cancer  treatment,  because  these  cells  are  relatively 
protected  from  the  cytotoxic  effects  of  radiotherapy  and  certain 
anticancer  drugs  [6,  7,  10] .  The  importance  of  hypoxic  cells  in 
limiting  the  curability  of  human  tumors  is  still  a  controversial 
issue,  although  some  clinical  and  laboratory  data  strongly  suggest 
that  hypoxic  cells  are  a  cause  of  in  vivo  treatment  failure  [11-16]. 

The  level  of  cellular  oxygenation  is  an  important  factor  in  the 
action  of  many  antineoplastic  agents,  several  of  which  have  been 
classified  in  vitro  [7]  and  in  vivo  [17]  by  their  selective  cytotoxicity 
toward  oxygenated  and  hypoxic  tumor  cells.  The 
perfluorochemical  emulsion,  Fluosol-DA  and  carbogen  breathing 
have  been  shown  to  enhance  the  activity  of  the  antitumor 
alkylating  agents  including  CDDP  [17-19]  carboplatin, 
cyclophosphamide  [17,  19,  20],  thioTEPA  [21],  BCNU  [22,  23]  and 
L-PAM  [19,  24-26]. 

This  short  review  will  focus  on  the  anticancer  drug 
cyclophosphamide.  Cyclophosphamide  is  one  of  the  most  widely 
used  anticancer  drugs  because  a  broad  range  of  human  tumors 
respond  to  cyclophosphamide,  including  malignant  lymphoma, 
leukemia,  multiple  myeloma,  neuroblastoma,  retinoblastoma, 
sarcoma  and  carcinomas  of  the  ovaiy,  testis,  breast  and  lung  [27, 
28]. 

Cyclophosphamide  is  a  prodrug  which  undergoes  a  complex 
metabolism  in  vivo.  4-Hydroxycyclophosphamide  is  the  initial 
metabolite  formed  after  administration  of  cyclophosphamide  [29, 
30]  and  phosphoramide  mustard  is  probably  the  major  biologically 
active  alkylating  species  derived  from  cyclophosphamide  [31].  The 
cytotoxicity  of  cyclophosphamide  toward  Hoechst  33342 
fluorescently  selected  subpopulations  of  the  FSall  murine 
fibrosarcoma  was  investigated  to  determine  the  effect  of 
physiological  factors  on  the  drug  [17].  The  10%  brightest  cells 
were  assayed  as  putative  normally  oxygenated  cells  near  the  tumor 
vasculature  and  the  20%  dimmest  as  putative  hypoxic  cells  distal 
from  the  vasculature  of  the  tumor.  A  single  therapeutic  dose  of 
cyclophosphamide  resulted  in  the  largest  differential  killing 
between  bright  and  dim  cells  (6. 3 -fold  bright  >  dim)  of  any  of  the 
18  anticancer  therapies  tested  [17].  The  result  was  interpreted  as 
reflecting  primarily  the  ability  of  short-lived  alkylating  species 
derived  from  cyclophosphamide  to  penetrate  through  cell  layers  in 
the  tumor. 

Tumor  Oxygen  Measurements.  Tissue  oxygen  measurements 
were  made  using  a  p02"Histograph  (Eppendorf,  Inc.,  Hamburg,/ 
Germany).  The  polarographic  needle  microelectrode  was  calibrated 
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in  aqueous  solutions  saturated  with  air  or  100%  nitrogen.  The 
electrode  was  used  for  tumor  measurements  if  there  was  less  than 
1%  variation  in  current  measurements  upon  repetition  of  the 
calibration  cycle.  For  tumor  p02  measurements,  the  animal  was 
anesthetized  by  an  i.p.  injection  of  Ketaset  (35  mg/kg)  and  xylazine 
(25  mg/kg).  Oxygen  tensions  were  measured  in  the  rat  13672 
mammaiy  carcinoma  under  normal  air  and  carbogen  breathing 
conditions  prior  to  and  after  i.v.  administration  of  the  perflubron 
emulsion  (8  ml/kg)  (TABLE  1).  Under  normal  air  breathing 
conditions  the  13672  tumor  has  a  broad  range  of  oxygenation  with 
a  higher  mean  p02  (12.3  mmHg)  than  median  p02  (5.8  mmHg) 
indicating  skewing  toward  more  h3q)oxic  values.  The  oxygenation 
of  this  tumor  was  markedly  increased  by  carbogen  breathing  such 
that  the  mean  and  median  p02’s  were  increased  about  3-fold. 
Administration  of  the  perflubron  emulsion  and  maintenance  of  air 
breathing  did  not  alter  the  oxygen  profile  of  the  tumor  compared 
with  the  oxygen  profile  obtained  under  normal  air  breathing 
conditions.  The  addition  of  carbogen  breathing  to  administration 
of  the  perflubron  emulsion  increased  the  mean  p02  of  the  tumor 
compared  carbogen  breathing  but  did  not  alter  the  median  p02  of 
the  tumor  compared  with  carbogen  breathing. 

Twenty-four  hrs.  after  administration  of  a  single  dose  of 
cyclophosphamide  (300  mg/kg,  i.p.)  the  oxygen  profile  of  the  tumor 
showed  a  loss  of  the  most  oxygenated  readings  such  that  the  mean 
p02  was  now  4  mmHg  and  the  median  p02  was  essentially  0 
mmHg  (TABLE  1).  While  carbogen  breathing  increased  the 
oxygenation  of  the  tumor  to  levels  near  that  obtained  with  air 
breathing  in  the  untreated  tumor,  the  values  were  lower  than 
those  obtained  in  the  untreated  tumor  with  carbogen  breathing. 
Although  administration  of  the  perflubron  emulsion  with  air 
breathing  did  not  alter  the  oxygenation  of  the  tumor  compared 
with  air  breathing  alone,  administration  of  the  perflubron  emulsion 
along  with  carbogen  breathing  markedly  increased  both  the  mean 
and  median  p02’s  of  the  tumors  compared  with  normal  air 
breathing. 

At  48  hrs.  after  administration  of  the  cyclophosphamide  (300 
mg/kg,  i.p.)  the  tumors  were  still  very  hypoxic  with  no  change  in 
the  mean  p02  (3.8  mmHg)  and  a  small  increase  in  the  median  p02 
(0.7  mmHg)  compared  with  the  mean  and  median  p02’s  at  24  hrs. 
post  drug  administration  (TABLE  1).  Carbogen  breathing 
increased  the  oxygenation  of  the  tumors  at  48  hrs.  post 
cyclophosphamide  administration  to  the  same  levels  obtained  at 
24  hrs.  post  cyclophosphamide  administration.  Treatment  with 
the  perflubron  emulsion  and  maintenance  of  normal  air  breathing 
did  not  increase  the  oxygenation  of  the  tumor  but  the  addition  of 
carbogen  breathing  to  administration  of  the  perflubron  emulsion 
increased  the  mean  p02  of  the  tumor  to  2-fold  the  level  obtained 
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TABLE  1.  Oxygenation  parameters  for  the  rat  13672  mammary 
carcinoma  under  several  conditions  with  no  treatment  and  24  hrs. 
and  48  hrs.  after  i.p.  administration  of  a  single  dose  of 
cyclophosphamide  (300  mg/kg). 

Mean/Median  %  of  p02,  mmHg 


Measurement  p02  p02  readings  percentiles 

condition  mmHg  <5  mmHg  10th  90th 


air 

11.3/4.9 

52 

0.0 

34 

carbogen 

31.6/15.1 

42 

0.0 

81 

Perflubron  Emulsion,  8  ml/kg 

air 

11.0/4.7 

50 

0.0 

38 

carbogen 

46.4/18.7 

32 

0.0 

121 

24  hrs.  post  Cyclophosphamide  (300  mg/kgj 

air 

4.0/0.0 

82 

0.0 

23 

carbogen 

17.4/4.0 

54 

0.0 

51 

Perflubron  Emulsion,  8  ml/kg 

air 

5.6/0.0 

79 

0.0 

28 

carbogen 

29.1/9.7 

37 

0.0 

65 

48  hrs.  post  Cyclophosphamide  (300  mg/kg) 

air 

3.8/0.7 

74 

0.0 

20 

carbogen 

17.4/6.4 

48 

0.0 

50 

Perflubron  Emulsion,  8  ml/kg 

air 

2.4/0.0 

76 

0.0 

20 

Ccirbogen 

35.4/6.5 

42 

0.0 

113 

with  carbogen  breathing  alone  and  the  median  p02  to  the  same 
level  obtained  with  carbogen  breathing  alone. 

At  24  hrs.  after  cyclophosphamide  administration  the  portion 
of  the  tumors  that  was  severely  hypoxic  (p02  <  5  mmHg) 

increased  from  52%  in  the  tumors  with  no  treatment  to  82%  in  the 
tumors  treated  with  cyclophosphamide  (TABLE  1).  By  48  hrs. 
after  cyclophosphamide  the  severely  hypoxic  portion  of  the  tumors 
was  74%  indicating  that  reoxygenation  was  occurring  very  slowly. 
Carbogen  breathing  reduced  the  severely  hypoxic  portion  of  the 
tumors  to  42%  prior  to  treatment  and  after  treatment  with 
cyclophosphamide  restored  the  severely  hypoxic  portions  of  the 
tumors  to  54%  at  24  hrs.  and  to  48%  at  48  hrs.  after 
cyclophosphamide  administration.  Finally,  administration  of  the 
perflubron  emulsion  and  carbogen  breathing  resulted  in  a  severely 
hypoxic  percentage  of  32%  in  the  tumors  without  treatment,  37% 
in  the  tumors  at  24  hrs.  after  cyclophosphamide  administration 
and  42%  in  the  tumors  at  48  hrs.  after  cyclophosphamide 
administration. 
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Increase  in  Therapeutic  Response.  The  tumor  cell  survival  assay 
allows  quantitative  determination  of  the  tumor  cell  (and  bone 
marrow)  killing  effect  of  a  treatment  administered  to  tumor-bearing 
animals.  Treatment  of  mice  bearing  FSallC  fibrosarcoma  with 
various  doses  of  cyclophosphamide  produced  increasing  tumor  cell 
killing  with  increasing  dose  of  the  drug  (TABLE  2).  The  addition  of 
the  perflubron  emulsion  at  doses  of  12  ml/kg  or  8  ml/kg  along 
with  6  hrs.  of  carbogen  breathing  to  treatment  with  cyclophospha¬ 
mide  resulted  in  about  1  log  increased  tumor  cell  killing  compared 
with  the  drug  and  carbogen  breathing.  Preparing  the  cyclophos¬ 
phamide  in  the  emulsion  (12  ml/kg)  and  administering  the  com¬ 
bination  i.v.  resulted  in  an  additional  small  increase  in  tumor  cell 
killing  compared  with  administering  the  drug  and  the  emulsion  as 
separate  injections.  Bone  marrow  is  often  a  dose-limiting  sensitive 
normal  tissue  in  patients  treated  with  cyclophosphamide,  therefore 
it  is  veiy  important  to  note  that  there  was  no  significant  increase 
in  the  killing  of  bone  marrow  CFU-GM  upon  addition  of  the 
perflubron  emulsion  and  carbogen  breathing  to  treatment  with 
cyclophosphamide . 

Administration  of  the  perflubron  emulsion  followed  by  air 
breathing  or  carbogen  breathing  for  6  hrs.  did  not  alter  the  growth 
of  the  FSall  fibrosarcoma.  A  single  dose  of  melphalan  (10  mg/kg) 
i.v.  resulted  in  a  tumor  growth  delay  of  about  3.6  days  in  the  FSall 
fibrosarcoma  with  carbogen  breathing  (6  hrs.)  (TABLE  3).  When 
melphalan  administration  was  preceded  by  perflubron  emulsion  at 
doses  of  4,  8  or  12  ml/kg  i.v.  and  followed  by  carbogen  breathing 
(6  hrs.)  3-  to  4-  fold  increases  in  tumor  growth  delay  resulted.  The 
maximal  tumor  growth  delay  of  about  1 1  days  was  obtained  with  8 
ml/kg  along  with  melphalan  and  carbogen  breathing  (6  hrs.). 
When  melphalan  (10  mg/kg)  was  prepared  in  the  emulsion  (12 
ml/kg),  administered  i.v.  and  followed  by  carbogen  breathing  (6 
hrs.)  a  tumor  growth  delay  of  about  22.1  days  resulted, 
representing  a  7.5-fold  increase  over  that  obtained  with  the  drug 
and  carbogen  breathing. 

A  single  dose  of  cyclophosphamide  (150  mg/kg  i.v.)  along  with 
carbogen  breathing  (6  hrs.)  produced  a  tumor  growth  delay  of 
about  3.3  days  (TABLE  3).  The  addition  of  the  perflubron 
emulsion  over  a  dosage  range  from  4  ml/kg  to  12  ml/kg  to  this 
treatment  resulted  in  about  a  3.5-fold  increase  in  tumor  growth 
delay.  There  was  no  difference  in  the  tumor  growth  delay  obtained 
over  the  perflubron  emulsion  dosage  range  examined.  When 
cyclophosphamide  (150  mg/kg)  was  prepared  in  the  perflubron 
emulsion  (12  ml/kg)  and  administered  as  a  singe  injection  i.v.  a 
tumor  growth  delay  of  about  13.5  days  resulted,  which  was  about 
a  5 -fold  increase  over  the  tumor  growth  delay  obtained  with  the 
drug  and  carbogen  breathing. 

BCNU  (50  mg/kg)  i.v.  administered  as  a  single  dose  along  with 
carbogen  breathing  (6  hrs.)  produced  a  tumor  growth  delay  of 
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TABLE  2.  Survival  of  FSallC  tumor  cells  and  bone  marrow  CFU- 
GM  from  animals  treated  in  vivo  with  single  doses  of 
cyclophosphamide  alone  or  in  combination  with  the  perflubron 
emulsion  in  doses  of  12  ml/kg,  8  ml/kg  or  prepared  in  the 
emulsion  (12  ml/kg)  and  followed  by  6  hrs.  of  breathing  carbogen. 
Data  are  the  means  of  three  experiments. 


Surviving  Fraction 

Treatment  FSallC  Tumor  Bone  Marrow  CFU-GM 


Cyclophosphamide 

0 

(mg/kg) 

1.00 

1.00 

100 

0.14 

0.35 

300 

0.0135 

0.035 

500 

0.00035 

0.014 

Cyclophosphamide 

(mg/kg)  ip,  perflubron 

emulsion 

(12  ml/kg)  iv 

0 

1.00 

1.00 

100 

0.078 

0.28 

300 

0.0022 

0.031 

500 

0.000055 

0.0036 

Cyclophosphamide 

(mg/kg)  ip,  perflubron 

emulsion 

(8  ml/kg)  iv 

0 

1.00 

1.00 

100 

0.073 

0.25 

300 

0.00022 

0.037 

500 

<0.00001 

0.0017 

Cyclophosphamide 

prepared  in  perflubron 

emulsion 

(12  ml/kg)  iv 

0 

1.00 

1.00 

100 

0.0094 

0.16 

300 

0.00071 

0.065 

500 

<0.00001 

0.0027 

TABLE  3.  Growth  delay  of  the  FSallC  fibrosarcoma  produced  by 
treatment  with  melphalan,  cyclophosphamide  or  BCNU  alone  or  in 
combination  with  various  doses  of  the  perflubron  emulsion  and 


carbogen  breathing  for  6  hrs. 


Treatment  Group 
Melphalan  (10  mg/kg} 
Cyclophosphamide  (150  mg/ kg) 
BCNU  (550  mg/kg) 

Prepared  in  perflubron  emulsion 
Melphalan  (10  mg/kg) 
Cyclophosphamide  (150  mg/kg) 
BCNU  (50  mg/kg) _ _ 


Tumor  Growth  Delay,  Days 
Perflubron  Emulsion  Dose,  ml/kg 
0  4  8  12 


3.6 

± 

0.3 

8.8 

± 

0.6 

11.3 

± 

0.8 

9.6 

+ 

0.7 

3.3 

+ 

0.3 

8.7 

± 

0.6 

9.8 

± 

0.7 

8.7 

± 

0.6 

2.5 

± 

0.3 

4.1 

+ 

0.4 

5.3 

± 

0.7 

5.5 

± 

0.5 

22.7 

± 

2.4 

13.5 

± 

1.7 

8.5 

± 

1.1 
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about  2.5  days  in  the  FSall  fibrosarcoma  (TABLE  3).  The 
additional  administration  of  the  perflubron  emulsion  over  a  dosage 
range  from  4  ml/kg  to  12  ml/kg  resulted  in  a  1.7-  to  2.2-fold 
increase  in  tumor  growth  delay.  Preparing  the  BCNU  (50  mg/kg) 
in  the  emulsion  (12  ml/kg)  and  administering  the  preparation  as  a 
single  injection  resulted  in  a  tumor  growth  delay  of  about  8,5  days, 
which  was  a  3-4-fold  increase  in  tumor  growth  delay  compared 
with  the  results  following  treatment  with  the  drug  and  carbogen 
breathing. 

Tumor  growth  delay  studies  examining  the  effect  of  the 
administration  of  cyclophosphamide  (3  x  150  mg/kg)  by  various 
routes  along  with  the  perflubron  emulsion  and  carbogen  breathing 
(6  hrs.)  were  performed  in  mice  bearing  the  Lewis  lung  carcinoma 
(TABLE  4).  When  cyclophosphamide  (150  mg/kg)  was 
administered  on  alternate  days  for  three  doses  i.p.  a  tumor  growth 
delay  of  21.5  days  resulted.  If  the  drug  was  administered  i.v.  a 
tumor  growth  delay  of  22.3  days  resulted  which  was  not 
significantly  different  from  21.5  days.  Adding  administration  of 
the  perflubron  emulsion  (8  ml/kg,  i.v.)  followed  by  6  hrs.  of 
carbogen  breathing  to  cyclophosphamide  administered  i.p. 
resulted  in  29.5  days  of  tumor  growth  delay.  When  both  agents 
were  administered  i.v.  the  tumor  growth  delay  increased  with 
increasing  dose  of  the  perflubron  emulsion  such  that 
administration  of  the  cyclophosphamide  i.v.  followed  by  the 
perflubron  emulsion  (8  ml/kg)  i.v.  and  6  hrs.  of  carbogen  breathing 
resulted  in  a  tumor  growth  delay  of  36  days.  The  longest  tumor 
growth  delays  were  obtained  when  the  cyclophosphamide  was 
prepared  in  the  perflubron  emulsion  and  the  mixture  administered 
i.v.  When  the  cyclophosphamide  was  administered  in  the 
perflubron  emulsion  (8  ml/kg)  followed  by  carbogen  breathing  (6 
hrs.)  a  tumor  growth  delay  of  47  days  was  produced. 

The  Lewis  lung  carcinoma  metastasizes  avidly  to  the  lungs 
from  s.c.  implanted  tumor.  Untreated  animals  bearing  this  tumor 
die  from  lung  metastases  between  days  21  and  25  days  post  tumor 
implantation.  On  day  20  after  tumor  implantation  untreated 
control  animals  had  16  lung  metastases  of  which  63%  (10 
metastases)  were  vascularized  (>  3  mm  diameter)  (TABLE  5). 
Administration  of  cyclophosphamide  (150  mg/kg)  on  days  7,  9  and 
1 1  post  tumor  implantation  by  the  i.p.  or  i.v.  route  resulted  in  13.5 
lung  metastases  on  day  20  of  which  55%  were  large.  The  number 
of  lung  metastases  present  on  day  20  after  treatment  of  the 
animals  with  cyclophosphamide  and  the  perflubron 
emulsion /carbogen  breathing  (6  hrs.)  decreased  with  increasing 
dose  of  the  perflubron  emulsion  and  decreased  in  the  same 
manner  whether  the  drug  and  emulsion  were  administered 
separately  or  whether  the  drug  was  prepared  in  the  emulsion. 
Thus,  after  administration  of  cyclophosphamide  and  the 
perflubron  emulsion  (8  ml/kg) /carbogen  breathing  (6  hrs.)  Lewis 
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TABLE  4.  Growth  delay  of  the  Lewis  lung  carcinoma  produced  by 
treatment  with  cyclophosphamide  (150  mg/kg)  on  days  7,  9  and 
1 1  post  tumor  implantation.  The  treatment  regimens  were:  1) 
cyclophosphamide  administered  i.p.  with  various  doses  of  the 
perflubron  emulsion  administered  i.v.,  2)  cyclophosphamide 
administered  i.v.  with  various  doses  of  the  perflubron  emulsion 
administered  i.v.  and  3)  cyclophosphamide  prepared  in  the 
perflubron  emulsion  administered  as  a  single  dose  i.v.  Carbogen 
breathing  was  maintained  for  6  hrs.  post  each  drug  injection.  The 
data  are  the  means  of  three  experiments  (n=15). 
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lung  carcinoma  bearing  animals  had  about  9  lung  metastases  of 
which  2-3  were  large. 


CONCLUSION 

Although  investigators  have  long  sought  biochemical 
characteristics  unique  to  malignant  cells  that  could  be 
therapeutically  exploitable,  few,  if  any,  have  been  found.  Among 
the  physiological  characteristics  of  solid  tumors  that  may  protect 
some  regions  of  the  tumor  from  therapeutic  regions  of  the  tumor 
from  therapeutic  assault,  h5rpoxia  may  be  altered  by  relatively  non¬ 
toxic  means  [3,  32-351.  With  the  greater  availability  of  stable  02- 
microelectrode  systems  suitable  for  use  in  the  clinic,  data 
supporting  the  notion  that  severe  hypoxia  frequently  exists  in 
human  tumors  at  therapeutically  significant  levels  is  rapidly 
accumulating  [5,  11-13].  Hypoxic  cells  limit  the  response  of 
neoplasms  to  treatment  with  ionizing  radiation  as  well  as  to  many 
chemotherapeutic  agents  [6,  7,  17].  The  concept  of  reoxygenation 
whereby  the  hypoxic  subpopulation  of  a  tumor  becomes 
oxygenated  following  each  dose  of  radiation  forms  an  important 
foundation  for  the  use  of  fractionated  radiation  therapy  [36-38]. 
Ideally,  upon  lethal  irradiation  of  the  oxygenated  cells  in  a  tumor 
mass,  the  hypoxic  cells  would  become  oxygenated  and  be 
susceptible  to  the  next  radiation  fraction.  Several  studies  have 
shown  that  the  hypoxic  fraction  in  a  tumor  may  remain  relatively 
constant  after  radiation  treatment  indicating  that  reoxygenation 
occurs  until  the  tumor  reaches  a  certain  equilibrium  between 
oxygenated  and  hypoxic  subpopulations  [2-4,  6-8,  17-19].  The 
kinetics  of  reoxygenation,  , however,  appear  to  vaiy  widely  in  tumor 
model  systems  [39,  40] 

In  theory  immediately  after  a  dose  of  radiation  sufficient  to  kill 
the  oxygenated  portion  of  a  tumor  that  tumor  should  consist  100% 
of  hypoxic  cells.  This  issue  has  been  addressed  much  more  rarely 
in  tumors  after  administration  of  chemotherapy.  Recently,  Dorie 
and  Kallman  [41]  using  the  classic  method  of  paired  survival  curve 
analysis  for  determining  the  hypoxic  fraction  of  tumors  that  is 
irradiation  of  aerobic  and  artificially  hypoxic  tumors,  found  in  the 
RIF- 1  tumor  that  treatment  with  cis-diamminedichloroplatinum(II) 
(8  mg/kg)  did  not  alter  the  hypoxic  fraction  of  the  tumor,  that 
treatment  with  bleomycin  (20  mg/kg  )or  mitomycin  C  (5  mg/kg) 
resulted  in  transient  increase  in  the  hypoxic  fraction  in  the  first 
hrs.  post  drug  administration  but  that  treatment  with 
cyclophosphamide  (100  mg/kg)  resulted  in  an  increase  in  the 
hypoxic  fraction  of  the  tumor  that  persisted  over  the  24  hr.  period 
examined. 

Although  in  cell  culture  4-hydroperoxycyclophosphamide,  an 
analog  of  cyclophosphaimide  with  activity  in  vitro,  does  not  show  a 
selectivity  for  cytotoxicity  toward  normally  oxygenated  cells 
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compared  with  hypoxic  cells,  we  found  using  Hoechst  33342 
diffusion  to  separate  cells  near  the  vasculature  from  those  distal 
from  the  vasculature  that  cyclophosphamide  was  much  more 
cytotoxic  toward  cells  near  the  vasculature  which  may  be 
envisioned  to  be  the  oxygenated  cells  in  the  FSall  fibrosarcoma 
[17].  Both  24  hrs.  and  48  hrs.  after  treatment  with 
cyclophosphamide  the  rat  mammaiy  13672  carcinoma  remained 
markedly  hypoxic  compared  with  the  pretreatment  oxygenation 
level  of  the  tumor.  From  the  oxygen  histograms  of  the  tumor  it 
appears  that  there  is  a  diminution  of  the  most  oxygenated 
populations  of  the  tumor.  It  may  be  concluded  that  reoxygenation 
is  occurring  very  slowly  in  this  tumor.  Although  carbogen 
breathing  was  able  to  increase  the  oxygenation  of  this  tumor  after 
treatment  with  cyclophosphamide,  the  combination  of  the 
perflubron  emulsion  with  carbogen  breathing  was  more  effective  in 
oxygenating  the  tumor.  Only  the  combination  of  the  perflubron 
emulsion  and  carbogen  breathing  was  able  to  oxygenate  albeit  only 
to  levels  of  1-2  mmHg  the  most  severely  hypoxic  regions  of  the 
tumor.  It  may  be  that  this  acute  reoxygenation  is  therapeutically 
significant. 

As  observed  previously  with  Fluosol-DA/ carbogen  breathing  in 
the  FSall  fibrosarcoma  [10,  20]  and  EMT-6  murine  mammary 
carcinoma  [10]  administration  of  the  perflubron 
emulsion/ carbogen  breathing  enhanced  the  therapeutic  response 
produced  by  cyclophosphamide  in  the  FSall  fibrosarcoma  and  the 
Lewis  lung  carcinoma. 

The  importance  of  reoxygenation  in  solid  tumors  has  long 
been  recognized  in  radiation  biology  [39,  40,  42,  43],  however,  the 
physiological  status  of  the  tumor  is  also  important  to  the  action  of 
many  chemotherapeutic  agents  [4,  7,  10,  17,  41].  A  knowledge  of 
the  oxygenation  status  of  a  tumor  mass  may  allow  the  selection 
and  scheduling  of  anticancer  drugs  to  optimize  the  activity  of 
agents  selectively  cytotoxic  toward  oxygenated  cells  or  those 
selectively  cytotoxic  toward  hypoxic  cells. 
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FULL-TIDAL  LIQUID  VENTILATION  WITH  PERFLUOROCARBON  FOR 
PREVENTION  OF  LUNG  INJURY  IN  NEWBORN  NON-HUMAN  PRIMATES 

J.  Craig  Jackson,  Thomas  A.  Standaert,  William  E.  Truog,  and  W.  Alan  Hodson 
Department  of  Pediatrics 
University  of  Washington 
Seattle,  Washington,  USA 

Abstract.  Hyaline  membrane  disease  (HMD),  the  most  common  life-threatening 
respiratory  disorder  of  newborns,  is  associated  with  lung  injury  manifested  by  alveolar 
proteinaceous  edema.  The  cause  of  the  disease  is  thought  to  be  elevated  alveolar  surface 
tension  due  to  surfactant  deficiency  at  birth.  Treatment  with  exogenous  surfactant  may 
be  unsuccessful  due  to  problems  in  distribution  of  the  surfactant,  or  inhibition  of  the 
surfactant  by  alveolar  proteinaceous  edema.  Liquid  ventilation  with  oxygen-saturated 
perfluorocarbon  liquid  has  been  proposed  as  a  method  to  eliminate  alveolar  surface 
tension;  little  is  known  about  the  interfacial  tension  between  perfluorocarbon  liquids  and 
the  lung  lining  layer.  Premature  and  term  newborn  monkeys  were  treated  from  birth 
with  a  pressure-limited,  time-cycled  liquid  ventilator  using  oxygenated  perfluorocarbon 
liquids  (APF-145  and  perflubron).  Adequate  gas  exchange  was  achieved,  and  pilot 
experiments  suggest  long-term  survival  without  adverse  sequelae.  Although  many 
questions  remain,  liquid  ventilation  is  a  promising  tool  for  the  prevention  and  treatment 
of  lung  injury  in  newborns. 

INTRODUCTION 

Clinical  description  of  HMD.  Hyaline  membrane  disease  (HMD),  also  known 
as  respiratory  distress  syndrome,  occurs  in  nearly  100,000  infants  in  the  U.S.  each  year 
causing  the  death  of  several  thousand  annually.  The  typical  course  of  HMD  is 
characterized  by  progressive  respiratory  failure  over  the  first  few  hours  of  life,  with 
signs  of  increased  work  of  breathing  and  cyanosis;  supplemental  oxygen  is  required  and 
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often  mechanical  ventilation  is  needed  for  respiratory  acidosis.  With  supportive  care, 
the  disease  reaches  its  peak  severity  in  about  2  days,  and  then,  in  most  infants,  resolves 
over  the  next  few  days.  About  25%  of  infants  with  severe  HMD  fail  to  recover 
normally,  and  their  lung  injury  at  birth  evolves  into  a  chronic  pulmonary  insufficiency 
known  as  bronchopulmonary  dysplasia  (BPD),  manifested  by  chronic  oxygen 
dependency  (for  several  weeks  or  months)  and  often  prolonged  need  for  mechanical 
ventilation,  bronchodilators,  and  corticosteroids. 

Pathogenesis  of  HMD.  Although  not  completely  understood,  lung  immaturity 
clearly  is  important  in  the  cause  and  sequelae  of  HMD.  Central  to  the  pathogenesis  of 
HMD  is  a  deficiency  of  alveolar  surfactant  combined  with  structural  immaturity; 
elevated  surface  tension  leads  to  unstable  alveoli,  reduced  functional  residual  capacity, 
and  increased  work  of  breathing.  By  poorly  understood  mechanisms,  there  is  leak  of 
fluid  and  protein  into  airspaces  after  onset  of  air-breathing.  It  has  been  speculated  that 
this  lung  injury  is  caused  by  the  repetitive  opening  and  recollapse  of  immature  alveolar 
saccules  and  ducts  (discussed  in  more  detail  below).  Pesenti  et  al  [1]  prevented  lung 
injury  in  premature  lambs  by  apneic  oxygenation  (with  extracorporeal  CO2  removal)  and 
avoidance  of  any  cyclic  lung  inflation.  High  frequency  ventilation  was  developed  with 
the  intention  of  maintaining  alveolar  volume  but  avoiding  large  pressure-volume 
excursions  that  might  damage  the  lungs;  if  used  fi’om  birth  in  premature  non-human 
primates,  this  mode  of  ventilation  improves  inflation  pattern  and  reduces  lung  injury 
[2,3]. 

It  remains  unproven  whether  high  interfacial  tension  with  irregular  lung  inflation 
pattern  and  the  resultant  excess  local  stresses  are  central  in  the  pathogenesis  of  HMD, 
but  there  are  few  other  explanations  for  the  observed  pancellular  injury  in  this  disease. 
Because  the  injury  is  observed  within  the  first  hour  of  life  [4],  lung  ischemia,  infection, 
and  oxygen  radical  damage  do  not  appear  to  be  likely  candidates  as  initial  causative 
agents.  Although  it  would  be  ideal  to  administer  exogenous  surfactant  uniformly  to  lung 
alveoli  prior  to  the  occurrence  of  lung  damage,  efforts  to  do  so  are  hampered  by 
logistical  difficulties  in  delivering  surfactant  with  the  first  breath,  and  with  problems  in 
surfactant  distribution  during  intratracheal  injection  and  positive  pressure  gas  breathing. 
Although  clinical  trials  have  demonstrated  improvements  in  survival  and  severity  of 
HMD  when  exogenous  surfactant  is  given  within  the  first  few  minutes  of  life,  followed 
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by  repeated  doses  over  the  next  48  hours,  the  incidence  of  bronchopulmonary  dysplasia 
remains  high  [5]. 

Role  of  inflation  pattern  in  lung  ii^ury.  Enhorning  and  Robertson  [6,7] 
proposed  that  the  resistance  of  alveoli  to  inflation  leads  to  over-distention  of  distal 
bronchioles  during  peak  inflation,  and  that  this  over-distention  damages  the  bronchiolar 
epithelium.  Nilsson  et  al  [8]  reported  that  surfactant-treated  premature  rabbits,  even  if 
ventilated  with  high  peak  pressures,  did  not  develop  lung  injury;  they  concluded  that  it 
is  the  abnormal  expansion  pattern  in  the  surfactant-deficient  animal  that  leads  to  lung 
injury.  These  authors  proposed  that  over-distension  of  airways  and  irregular  aeration 
of  the  alveolar  compartment  produce  shear  forces  in  the  airway  mucosa,  leading  to 
disruption  of  the  epithelium  and  to  formation  of  hyaline  membranes.  Scanning  electron 
microscopy  was  “used  to  demonstrate  the  uniformity  of  inflation  in  animals  treated  with 
surfactant,  and  of  the  irregular  pattern  of  alveolar  aeration  in  those  not  treated  [9],  This 
heterogenous  pattern  of  lung  inflation  is  associated  with  vascular-to-alveolar  leak  of 
proteinaceous  fluid  within  as  little  as  5  minutes  of  gas  ventilation  [4].  With  tearing  of 
the  supportive  structures,  there  might  be  coalescence  of  adjacent  alveoli  and,  eventually, 
pulmonary  emphysema.  Other  studies  have  noted  that  the  presence  of  proteinaceous 
fluid  in  alveoli  is  a  stimulus  to  lung  fibrosis  [10,11].  Clinically,  the  syndrome  of 
emphysema  and  fibrosis  that  evolves  from  severe  HMD  in  infants  is  termed  BPD. 

Physical  properties.  Although  perfluorocarbon  liquids  have  higher  viscosity 
and  density  than  water,  the  solubility  of  O2  and  COj  in  PFC  is  much  greater: 


TABLE.  Physical  properties  of  PFC  liquids  at  37“  C. 


Kinematic 

viscosity, 

Density, 

centi- 

g/ml 

stokes 

FC-72 

0.36 

1.63 

VC-11 

0.66 

1.75 

FC-80 

1.43 

1.76 

Rimar-101 

1.17 

1.76 

APF-145 

1.44 

1.91 

Perflubron 

1.70 

1.93 

Water 

0.69 

1.00 

Air 

0.17 

0.0011 

Vapor 

ml  O2  per 

ml  CO2  per 

Pres., 

100  ml  fluid 

100  ml  fluid 

torr 

at  1  atm 

at  1  atm 

400 

65 

228 

[12] 

75 

56 

198 

[13] 

? 

48 

160 

[14] 

? 

? 

? 

? 

? 

? 

14 

50 

210 

[15] 

47 

3 

55 

— 

21 

— 
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The  surface  tensions  of  several  PFC  liquids  against  air  have  been  reported  to  be 
between  10  and  16  dynes/cm,  among  the  lowest  ever  recorded  for  liquids  [14]. 
However,  an  important  characteristic  of  the  fluids  for  liquid  ventilation  is  their 
interfacial  tension  with  lung  liquid.  Kylstra  and  Schoenfisch  [16]  reported  an  interfacial 
tension  between  the  PFC  liquid  FC-80  and  saline  to  be  58  dynes/cm.  However, 
Schwieler  and  Robertson  [17]  estimated  the  interfacial  tension  between  PFC  and  lung 
liquid  to  be  only  7  dynes/cm. 

Schiirch  et  a/  [18]  took  advantage  of  the  stability  of  interfacial  tension  between 
PFC  and  lung  liquid  to  measure  intra-alveolar  interfacial  tension  in  excised  lungs;  they 
first  measured  the  diameter  of  a  lens-shaped  drop  of  fluorocarbon  liquid  FC-43  placed 
in  a  large  bubble  which  was  lined  with  a  monolayer  of  dipalmitoyl  phosphatidylcholine, 
and  calibrated  this  diameter  against  the  independently-measured  surface  tension  of  the 
bubble.  They  used  drops  of  FC-43  layered  on  a  surfactant  film  in  a  surface  balance  to 
prove  that  the  surfactant  film  at  the  PFC-subphase  interface  changes  its  interfacial 
tension  according  to  the  change  in  the  film  surface  tension  outside  the  droplet;  they 
demonstrated  that  the  surfactant  film  is  neither  displaced  nor  disrupted  by  the 
perfluorocarbon  droplet,  and  that  the  surfactant  film  extends  continuously  from  the  air- 
saline  to  the  PFC-saline  interface.  These  observations  suggest  that  the  physical 
properties  of  PFC  should  not  disrupt  alveolar  surfactant  during  liquid  ventilation,  and 
a  "lens"  of  PFC  left  partially  covering  an  alveolar  septum  after  liquid  ventilation  should 
not,  at  least  theoretically,  affect  alveolar  surface  tension. 

Animal  studies  with  liquid  ventilation.  Clark  and  Gollan  [19]  were  the  first 
to  report  survival  of  mammals  breathing  normobarically-oxygenated  perfluorocarbon 
liquid.  Subsequent  studies  indicated  that  mammals  can  tolerate  liquid  ventilation  with 
PFC  liquids  and  survive  a  return  to  gas  breathing  [20-22].  Several  groups  of 
investigators  have  successfully  ventilated  premature  and  term  newborn  animals  with  PFC 
liquids  [17,  23-26].  The  apparent  superiority  of  liquid  ventilation  to  gas  ventilation  in 
premature  animals  was  assumed  to  be  the  result  of  abolishing  the  air-liquid  interface  and 
its  very  high  surface  tension  (eg  >  25  dynes/cm).  Residual  PFC  after  liquid  ventilation 
was  thought  to  be  an  advantage  because  of  its  relatively  low  surface  tension  (15 
dynes/cm).  This  was  also  thought  to  explain  the  deterioration  in  pulmonary  function  of 
adult  animals  during  gas  breathing  after  PFC  ventilation  [21,22],  since  the  very  low 


FULL-TIDAL  LIQUID  VENTILATION  WITH  PFC 


1125 


minimal  surface  tension  in  the  normal  adult  lung  (eg,  2  dynes/cm)  may  be  raised  by 
residual  PFC. 

Histologic  studies  after  PFC  ventilation  in  premature  animals  are  few.  Schwieler 
and  Robertson  [17]  noted  that  immature  rabbits  ventilated  from  birth  with  liquid  had  less 
injury  to  the  bronchiolar  epithelium  and  no  hyaline  membranes,  compared  to  those 
ventilated  with  gas.  A  study  published  in  abstract  form  [27]  suggests  that  there  is  no 
disruption  of  the  alveolar  lining  layer  after  liquid  breathing.  In  a  study  just  published, 
Wolfson  et  al  [28]  reported  less  histologic  evidence  of  barotrauma  in  very  premature 
lambs  that  had  undergone  3  hours  of  liquid  ventilation,  compared  to  gas  ventilated 
controls;  whereas  the  gas-ventilated  lungs  demonstrated  proteinaceous  alveolar  exudate, 
the  liquid-ventilated  lungs  were  uniformly  expanded  and  free  of  luminal  debris. 

Work  in  lambs  by  Shaffer  and  associates  over  the  past  several  years  has 
demonstrated  that  liquid  ventilation  is  an  excellent  tool  to  study  extrauterine  physiology 
in  extremely  premature  lambs,  delivered  prior  to  viability  with  gas  ventilation  [29,30]. 
Problems  with  increased  pulmonary  vascular  resistance  [31],  alterations  in  cardiac 
output,  and  the  development  of  metabolic  acidosis  [13]  were  overcome  by  careful 
intravenous  fluid  loading  and  limitation  of  peak  alveolar  pressures.  Studies  in  liquid 
ventilation  have  required  high  proximal  airway  pressures;  experiments  in  newborn  lambs 
demonstrated  that  in  one  protocol  the  use  of  peak  airway  pressure  equal  to  31.5  torr  was 
associated  with  peak  alveolar  pressure  of  only  18.6  torr  due  to  a  large  flow  resistive 
pressure  drop  of  13  torr  along  the  bronchial  tree  [12].  This  study  indicates  the 
importance  of  measuring  peak  alveolar  pressure,  and  not  proximal  airway  pressure 
alone. 

Liquid  ventilation  in  newborn  non-human  primates.  Previously  in  our 
laboratories,  we  have  studied  the  impact  of  conventional  and  high  frequency  ventilation 
on  the  development  of  lung  injury  in  prematurely-delivered  monkeys  [3,32].  We  are 
now  investigating  whether  liquid  ventilation,  used  from  birth,  prevents  lung  injury 
compared  to  gas  ventilation.  We  are  also  studying  liquid  ventilation  as  a  treatment  for 
established  HMD.  Long-term  survival  studies  are  also  underway  to  determine  the 
clinical  safety  of  this  technique.  The  methods  and  results  of  these  studies  in  progress 
are  reported  below. 
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MATERIALS  AND  METHODS 

Liquid  ventilation.  Medical  grade  perfluorocarbon  liquids  were  oxygenated 
with  equipment  commonly  used  for  extracorporeal  membrane  oxygenation.  A  roller 
pump  (Sarnes,  Ann  Arbor)  was  used  to  force  the  perfluorocarbon  liquid  through  a 
membrane  oxygenator  (0800,  SciMed,  Minneapolis)  and  a  counter-current  heat- 
exchanger  (ECMOtherm,  SciMed,  Minneapolis)  warmed  to  42“  C.  by  a  water  heater 
(Micro-Temp  Pump,  Seabrook,  Cincinnati)  at  100  mL/minute.  The  oxygenator  was 
connected  to  100%  oxygen  at  2  L/min;  the  outflow  was  directed  through  cold  (6-8“  C.) 
copper  tubing  to  condense  vaporized  perfluorocarbon.  The  oxygenated  perfluorocarbon 
liquid  (PO2  >  600  torr)  was  pumped  to  the  inspiratory  reservoir,  the  height  of  which 
was  adjustable.  A  microswitch  was  used  to  open  a  solenoid  pinch  valve  (Ledex, 
Vandalia,  OH)  on  the  inspiratory  tubing  and  simultaneously  close  another  solenoid  pinch 
valve  on  the  expiratory  tubing;  the  microswitch  timer  (Instrument  Development 
Laboratory,  CDMRC,  UW)  was  used  to  open  and  close  the  valves  at  an  adjustable 
breathing  rate,  and  at  an  adjustable  ratio  of  inspiratory  to  expiratory  time.  The  animal’s 
weight  was  monitored  continuously  with  an  electronic  scale  (E1200S,  Sartorius, 
Bohemia,  NY)  to  determine  tidal  volume.  The  expiratory  tubing  was  directed  into  the 
expiratory  reservoir  from  which  the  roller  pump  drew  fluid.  An  overflow  line 
connected  the  inspiratory  and  expiratory  reservoirs  in  order  to  maintain  a  fixed 
inspiratory  pressure,  while  allowing  flow  of  fluid  through  the  membrane  oxygenator  in 
excess  of  the  volume  needed  for  ventilation. 

The  proximal  endotracheal  tube  pressure  was  measured  continuously  on  a  chart 
recorder;  end-inspiratory  and  end-expiratory  alveolar  pressures  were  measured  after  any 
change  in  ventilator  settings  and  at  least  hourly  by  clamping  briefly  both  inflow  and 
outflow  lines  from  the  endotracheal  tube  at  appropriate  points  in  the  ventilatory  cycle 
and  allowing  equilibration  of  alveolar  and  endotracheal  pressures.  Target  end- 
inspiratory  and  end-expiratory  alveolar  pressures  were  10  and  1  cm  HjO,  respectively. 

The  initial  ventilator  rate  was  set  at  8  breaths  per  minute,  with  inspiratory-to- 
expiratory  ratio  of  1:1;  the  initial  inflation  pressure  was  30  cm  HjO  (resulting  in  peak 
alveolar  pressure  of  10-15  cm  HjO).  These  settings  were  varied  as  necessary  to  keep 
PaCOj  between  40  and  50  torr,  and  to  keep  greater  than  50  torr. 

Delivery  and  care  of  primates.  Monkeys  of  the  species  Macaca  nemestrina 
were  delivered  by  hysterotomy  after  timed  conception  (±  1  day)  at  133-135  days’ 
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gestation,  or  just  before  term  gestation  (168  days).  During  the  first  few  seconds  after 
delivery,  the  infants  were  quickly  dried,  weighed,  and  positioned  slightly  head  down 
under  a  radiant  warmer.  A  cuffed  endotracheal  tube  (2.0  mm  inner  diameter)  was 
immediately  inserted  and  then  connected  to  the  liquid  ventilation  apparatus.  No  manual 
breaths  with  gas  were  given.  During  the  first  minute  of  life,  20  mg/kg  of  succinyl 
choline  was  administered  via  the  umbilical  vein  to  prevent  spontaneous  respiratory 
effort.  An  umbilical  artery  catheter  was  then  inserted  into  the  lower  abdominal  aorta 
and  0. 1  mg/kg  of  pancuronium  bromide  was  administered  for  more  sustained  muscular 
paralysis.  A  rectal  temperature  probe  was  inserted  and  the  animal  was  transported  to 
the  laboratory  while  being  heated  and  ventilated  on  a  cart;  electrical  power  was  supplied 
by  a  portable  battery-powered  DC-AC  invertor. 

Upon  arrival  in  the  laboratory,  the  animals  were  provided  with  a  radiant  heat 
source  servo-controlled  to  a  skin  thermistor  in  order  to  keep  the  rectal  temperature 
between  36.5"  and  37.5"  C.  Both  the  rectal  and  airway  fluid  temperature  were 
continuously  monitored.  Arterial  blood  gas  tensions  and  pH  were  measured  at  least 
hourly  in  blood  samples  withdrawn  from  the  umbilical  artery  catheter;  all  blood  losses 
were  replaced  with  maternal  whole  blood.  Morphine  sulphate  was  administered  for 
sedation  via  the  umbilical  artery  catheter  at  24  /ig/kg/h  with  10%  dextrose  in  water  at 
150  ml/kg/day  by  syringe  infusion  pump.  Blood  pressure,  heart  rate,  and  airway 
pressure  were  continuously  monitored  with  audible  alarms  for  high  and  low  values.  To 
maintain  muscular  paralysis,  pancuronium  bromide,  0.1  mg/kg,  was  given  every  2 
hours.  Anteroposterior  and  lateral  chest  radiographs  were  obtained  by  a  portable  x-ray 
unit  at  5  hours  of  age  and  as  clinically  indicated  at  peak  inspiratory  as  well  as  at  end 
expiratory  pressure  to  determine  state  of  lung  inflation  (PFC  liquids  are  radiodense). 

RESULTS 

Prevention  of  lung  injury.  Three  premature  M.  nemestrina  (134  days’ 
gestation)  were  ventilated  with  PFC  (APF-145)  for  the  first  six  hours  of  life  prior  to 
sacrifice  for  histology.  Excellent  gas  exchange  (PaOj  100-300  torr;  PaCOj  35-45  torr) 
was  achieved  during  the  six  hour  experiments  with  peak  alveolar  pressures  of  20  cm 
HjO,  tidal  volume  of  18  ml/kg,  and  ventilator  rate  of  8  breaths  per  minute.  Postmortem 
studies  and  additional  animal  experiments  are  underway  to  determine  whether  there  was 
a  reduction  in  lung  injury. 
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Subsequently  two  premature  monkeys  have  been  ventilated  with  PFC  (APF-145) 
for  the  first  3  hours  of  life,  followed  by  3  hours  of  gas  ventilation.  Gas  exchange  was 
satisfactory  during  and  after  liquid  ventilation.  Postmortem  studies  are  in  progress. 

Treatment  of  lung  injury.  One  premature  monkey  was  first  ventilated  with  gas 
for  3  hours;  clinically,  radiographically,  and  by  measurements  of  lung  volumes,  it  had 
severe  HMD.  After  starting  liquid  ventilation  with  PFC  (APF-145)  at  3  hours  of  age, 
both  the  peak  alveolar  pressures  and  the  minute  ventilation  were  reduced  by  half.  The 
arterial  PCOj  remained  at  40  torr,  and  the  arterial  PO2  increased  from  91  to  157  torr. 
Liquid  ventilation  was  well  tolerated  during  the  next  3  hours. 

Long-term  survival.  Two  near-term  Af.  nemestrina  were  treated  from  birth 
with  liquid  ventilation  (using  perflubron  [LiquiVent,  Alliance  Pharmaceutical  Corp.])  for 
3  hours.  Gas  exchange  was  excellent  in  the  first  animal  (arterial  PCOj  44  and  PO2  244 
at  the  end  of  the  3  hours)  and  adequate  in  the  second  (arterial  PCO2  55  and  PO2  62  at 
the  end  of  3  hours);  both  had  arterial  PO2  values  in  excess  of  250  torr  after  returning 
to  low-pressure  conventional  mechanical  ventilation.  Serial  radiographs  were  used  to 
follow  the  evaporation  of  most  of  the  PFC  liquid  over  the  next  several  hours;  both  were 
extubated  by  8  hours  of  age,  and  required  no  supplemental  oxygen  after  one  and  three 
days,  respectively.  Sequential  neurodevelopmental  and  pulmonary  testing  through  1 1 
months  of  age  have  shown  no  persistent  abnormalities.  One  of  the  animals  was 
electively  sacrificed  at  11  months  of  age,  after  measurement  of  lung  volumes  by  nitrogen 
washout;  both  functional  residual  capacity  and  total  lung  capacity  were  normal.  Chest 
radiographs  showed  persistence  of  scattered  densities,  compatible  with  interstitial 
radiodense  PFC.  At  postmortem  examination,  there  were  no  abnormalities  of  lung 
structure  or  histology;  evidence  of  acute  tracheitis  was  ascribed  to  the  procedures  used 
for  lung  volume  measurements  during  the  hours  prior  to  sacrifice.  There  were  no  gross 
or  microscopic  abnormalities  of  other  organs.  Tissue  levels  of  PFC  are  pending. 

DISCUSSION 

These  preliminary  studies  in  non-human  primates  provide  additional  evidence  for 
the  feasibility  of  full-tidal  liquid  ventilation  in  newborn  infants  at  risk  for,  or  with 
established,  hyaline  membrane  disease.  If  the  completed  studies  suggest  reduced  lung 
injury  compared  to  conventional  clinical  techniques,  and  if  additional  animal  studies 
indicate  relative  safety,  liquid  ventilation  will  warrant  clinical  investigation. 
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There  are  many  unanswered  questions  regarding  liquid  ventilation  in  newborns. 
In  order  to  limit  lung  injury  associated  with  gas  ventilation,  it  should  ideally  be  started 
with  the  first  breath.  Will  it  be  feasible  to  begin  liquid  ventilation  in  the  delivery  room, 
as  was  done  in  the  current  study?  Given  that  lung  injury  can  occur  within  minutes  after 
initiation  of  gas  ventilation  [4],  it  is  likely  that  early  use  will  be  more  beneficial  than  late 
use  in  improving  survival  and  reducing  the  incidence  of  acute  and  chronic  lung  injury. 

Should  the  liquid  ventilator  be  pressure-limited,  as  used  in  the  current  study,  or 
volume-limited?  The  former  method  is  technically  more  simple,  but  may  not  be  as 
effective  because  of  the  time  delay  at  the  beginning  of  inspiration  due  to  fluid  inertia. 
Because  of  the  resistive  pressure  gradient  along  the  endotracheal  tube  and  bronchial  tree, 
estimation  of  alveolar  pressure  will  be  problematic.  The  stop-flow  technique  for 
intermittent  measurement  of  alveolar  pressure  used  in  these  experiments  is  one  possible 
technique  that  could  be  automated  in  a  clinical  liquid  ventilator. 

How  long  will  liquid  ventilation  be  required?  In  the  larger  premature  infants, 
only  a  day  or  two  may  be  needed,  assuming  that  mechanisms  for  endogenous  surfactant 
secretion  rapidly  mature  during  the  repetitive  lung  inflation  of  liquid  ventilation.  The 
retention  of  residual  PFC  liquid  after  initiating  gas  ventilation  may  provide  a  uniform 
lowering  of  surface  tension,  further  enhancing  the  ability  of  the  immature  lung  with 
marginal  alveolar  surfactant  to  make  the  transition  to  air-breathing. 

Perfluorocarbon-associated  gas  exchange  (PAGE),  also  known  as  partial  liquid 
ventilation,  has  been  proposed  as  an  alternative  mode  of  liquid  ventilation  by  Fuhrman 
et  al  [33].  In  this  method,  a  dose  of  PFC  equivalent  to  the  normal  functional  residual 
capacity  (about  30  mL/kg)  is  given  via  the  trachea;  gas  ventilation  is  then  resumed. 
This  method  of  ventilation  has  the  practical  advantage  of  using  existing  gas  ventilators 
and  is  technically  much  simpler.  But  will  it  lead  to  reduced  lung  injury,  compared  to 
full-tidal  liquid  ventilation?  Will  the  repetitive  movement  of  the  gas-liquid  interface  into, 
and  out  of,  alveoli  during  this  method  damage  the  fragile  immature  lung?  Is  the 
effective  surface  tension  of  the  alveolus  the  sum  of  the  interfacial  tension  between  lung 
liquid  and  PFC,  and  that  between  PFC  and  air?  Is  the  alveolus  lined  with  PFC 
throughout  the  ventilatory  cycle,  or  does  the  PFC  "puddle”  in  the  alveoli  at  peak 
inflation?  Does  it  change  with  the  state  of  lung  inflation?  These  questions  are  important 
not  only  for  PAGE  (partial  liquid  ventilation),  but  for  the  transition  from  full-tidal  liquid 
ventilation  to  gas  ventilation  when  there  is  residual  PFC. 
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Although  many  questions  remain,  liquid  ventilation  is  a  promising  tool  for  the 
prevention  of  lung  injury  in  newborns, 
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ABSTRACT 

Background:  Throughout  most  of  the  second  half  of  this  century, 
progress  in  respiratory  life  support  was  dominated  by  moderniza¬ 
tion  of  the  mechanical  ventilator.  We  have  now  entered  an  era  in 
which  the  fundamental  physiology  of  lung  function  can  be  manipu¬ 
lated  to  improve  lung  performance  in  hope  of  reducing  morbidity 
and  mortality  and  thereby  decreasing  the  cost  of  intensive  care. 
Main  Findings:  Despite  its  almost  alien  technology,  perf luorocar- 
bon  tidal  liquid  breathing  is  an  effective  means  to  support  respi¬ 
ration  in  normal  and  surfactant  deficient  lungs.  A  second,  tech¬ 
nique,  perf luorocarbon  associated  gas  exchange  (PAGE),  has  recent¬ 
ly  been  shown  effective  in  normal  lungs  and  in  several  animal 
models  of  lung  disease.  Both  techniques  appear  to  improve  pulmo¬ 
nary  function  when  pulmonary  surface  tension  is  elevated. 
Conclusions:  PAGE  improves  lung  function  and  poses  opportunities 
to  reduce  pulmonary  morbidity  and  diminish  the  cost  of  intensive 
care. 

The  availability  of  bottled  oxygen,  and  the  development  of 
positive  pressure  breathing  devices  revolutionized  pulmonary 
medicine  and  ushered  in  the  modern  era  of  intensive  care. 
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Throughout  most  of  the  second  half  of  this  century,  progress  in 
respiratory  life  support  was  dominated  by  modernization  of  the 
mechanical  ventilator.  The  introduction  of  positive  end-expirato¬ 
ry  pressure  (PEEP)  was  followed  by  a  dramatic  diversification  of 
the  means  of  breathing  within  reach  of  modern  technology. 

It  has  recently  become  almost  commonplace  in  this  country  to 
support  neonates  (having  severe  but  reversible  lung  disease)  using 
extracorporeal  membrane  oxygenation  (ECMO).  ECMO  uses  extracorpo¬ 
real  circulation  to  support  gas  exchange  while  reducing  inspirato¬ 
ry  oxygen  tension  and  minimizing  pulmonary  barotrauma. 

Advances  in  critical  care  will  no  doubt  entail  further 
refinement  of  these  technologies,  and  current  shortcomings  may 
soon  be  overcome.  Yet  these  shortcomings  remain  substantial  in 
1993:  (1)  Ventilators  still  cause  barotrauma  because  they  tend  to 

force  gas  into  non-receptive  lungs.  (2)  High  oxygen  concentration 
gas  mixtures  still  cause  pulmonary  oxygen  toxicity.  (3)  ECMO  and 
its  variations  still  require  heparinization  and  the  sacrifice  of 
large  vessels,  often  the  right  carotid  artery.  (4)  Our  technology 
has  become  increasingly  expensive,  outstripping  the  capacity  of 
society  to  afford  it  and  widening  the  health  care  gap  between  rich 
and  poor. 

We  have  now  entered  an  era  in  which  the  fundamental  physiol¬ 
ogy  of  lung  function  can  be  manipulated  to  improve  lung  perform¬ 
ance.  Surfactants  can  be  instilled  to  improve  ventilation  in 
premature  infants,  and  tantalizing  evidence  suggests  that  we  may 
soon  be  able  to  modify  ventilation/perfusion  matching  using  nitric 
oxide  to  dilate  pulmonary  vessels  of  well  ventilated  alveolar 
capillary  units. 

Advances  like  these  could  offer  the  potential  to  reduce 
morbidity,  thereby  cutting  the  cost  of  intensive  care,  while 
improving  outcome. 

Liquid  breathing  is  another  innovation  that  improves  lung 
function,  and  offers  promise  as  a  means  to  reduce  morbidity,  mor 
tality  and  the  cost  of  intensive  care. 
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RATIONALE  FOR  LIQUID  BREATHING 

The  alveolus  is  lined  by  a  liquid  gel.  Distension  of  the 
alveolus  stretches  this  liquid  surface.  This  distension  is  op¬ 
posed  by  surface  tension  of  the  gel.  Mammals  have  evolved  a  means 
to  minimize  this  surface  tension,  the  surfactant  system. 

The  synthesis  of  surfactant  is  often  transiently  deficient 
in  the  premature  infant.  In  surfactant  deficiency,  alveoli  are 
noncompliant  and  unstable,  tending  to  collapse  spontaneously. 
Moreover,  compliance  varies  from  alveolus  to  alveolus.  The  pres¬ 
sure  required  to  maintain  expansion  of  noncompliant  alveoli  may  be 
sufficient  to  over-distend  or  rupture  compliant  alveoli. 

In  the  adult  respiratory  distress  syndrome  (ARDS),  blood 
protein  leaks  into  the  alveolar  space.  This  protein  interferes 
with  surfactant  function,  causing  alveolar  instability. 

Surface  tension  forces  within  the  alveolus  are  a  manifesta¬ 
tion  of  the  air/fluid  interfaces  that  line  alveolar  septae.  It 
has  long  been  known  that  these  forces  can  be  markedly  attenuated 
by  filling  the  alveolus  with  liquid  rather  than  gas,  because  this 
eliminates  air/fluid  interfaces.  Tidal  liquid  ventilation  takes 
advantage  of  this  principle. 

TIDAL  LIQUID  BREATHING 

In  tidal  liquid  ventilation,  a  liquid  medium  is  used  to 
transport  dissolved  oxygen  and  carbon  dioxide.  Inhaled  liquid 
brings  dissolved  oxygen  to  the  lungs  and  exhaled  liquid  carries 
off  carbon  dioxide. 

Mammals  breathe  in  and  out  through  a  system  of  branching 
airways.  Narrow  bronchial  tubes  offer  high  resistance  to  flow, 
and  are  not  well  suited  to  the  flow  of  high  viscosity  liquid. 

Nonetheless,  in  the  1960's,  Kylstra[l]  showed  that  dogs 
could  be  ventilated  using  hyperbar ically  oxygenated  saline. 
Unfortunately,  saline  has  a  very  low  solubility  for  oxygen;  it  is 
rather  viscous;  and  it  is  miscible  with  surfactant,  washing  it  out 
of  the  lungs. 

Fortunately,  there  is  a  class  of  solvent  with  properties 
favorable  for  liquid  breathing.  Perf luorocarbons  have  high  gas 
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solubility,  moderate  viscosity,  and  low  surface  tension.  They  are 
biologically  inert  and  are  not  miscible  with  surfactant. 

Perf luorocarbon  tidal  liquid  breathing  has  been  studied  in 
both  normal  and  abnormal  lungs.  In  general,  liquid  is  introduced 
into  the  lungs  in  tidal  breaths.  Exhaled  liquid  is  processed, 
outside  the  body,  to  add  oxygen,  purge  it  of  carbon  dioxide,  and 
regulate  its  temperature. 

Despite  this  almost  alien  technology,  perf luorocarbon  tidal 
liquid  breathing  is  an  effective  means  to  support  respiration  in 
the  normal  lung.  Tidal  liquid  breathing  can  be  accomplished  at 
alveolar  pressures  well  within  the  range  of  normal[2],  without 
acidosis  or  impaired  cardiac  output[3].  Oxygenation  and  carbon 
dioxide  removal  are  adequate,  and  normal  oxygen  consumption  is 
preserved.  Moreover,  Shaffer  et  al  have  shown  that  tidal  liquid 
breathing  can  be  used  to  support  premature  lambs  with  surfactant 
deficiency  even  before  alveolar  architecture  matures[4]. 

The  past  two  decades  have  witnessed  an  increase  in  the 
sophistication  of  hardware  for  tidal  liquid  breathing.  Only 
recently  have  there  been  efforts  to  refine  and  simplify  this 
technology.  Even  in  its  simplest  form,  tidal  liquid  breathing  is 
so  different  from  conventional  CPPB  as  to  appear  daunting.  More¬ 
over,  the  relatively  high  viscosity  of  the  liquid  limits  the 
number  of  breaths  per  minute  that  can  be  delivered,  because  the 
time  constant  of  the  mammalian  lung  for  movement  of  liquid  along 
airways  is  strikingly  longer  than  it  is  for  gas. 

PERFLUOROCARBON  ASSOCIATED  GAS  EXCHANGE  (PAGE) 

Perf luorocarbon  associated  gas  exchange  (PAGE)[5]  is  an 
alternative  means  to  apply  these  liquids  to  lung  disease.  Also 
termed  partial  liquid  ventilation  (PLV),  PAGE  is  gas  ventilation 
of  the  liquid  filled  lung. 

In  PAGE,  the  lung  is  filled  with  perf luorocarbon,  a  volume 
essentially  equivalent  to  the  pulmonary  functional  residual  capac¬ 
ity,  about  30  ml/kg  in  the  normal  adult.  This  volume  of  liquid  is 
left  in  place,  within  the  lung,  and  gas  ventilation  is  resumed 
using  a  conventional  gas  ventilator.  In  inspiration,  oxygen  gas 
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is  pushed  down  the  airway  into  the  liquid  filled  alveoli  where  it 
forms  air  pockets  or  bubbles.  By  a  process  akin  to  bubble  oxyge¬ 
nation,  as  practiced  during  extracorporeal  support  for  cardiac 
bypass,  oxygen  and  carbon  dioxide  are  exchanged  across  the  surface 
of  each  bubble.  In  this  manner,  the  alveolar  perf luorocarbon 
reservoir  is  oxygenated  and  purged  of  carbon  dioxide.  In  exhala¬ 
tion,  gas  appears  to  be  expelled  from  the  lung  largely  by  the 
intrinsic  elastic  recoil  of  the  bubbles.  Perf luorocarbon  wells 
back  up  into  the  airways  in  expiration  but  only  after  most  of  the 
gas  has  escaped,  because  the  liquid  has  greater  viscosity,  density 
and  inertia  than  the  gas.  Breaths  of  oxygen  gas  are  delivered  at 
a  frequency  appropriate  for  size  and  age  of  the  mammal,  as  respi¬ 
ratory  rate  is  not  limited  by  the  long  time  constant  that  would  be 
imposed  by  the  movement  of  liquid.  It  is  predominantly  gas  that 
is  moved  during  PAGE.  In  fact,  the  airways  can  be  kept  virtually 
free  of  perf luorocarbon  throughout  the  respiratory  cycle  by  the 
application  of  positive  end-expiratory  pressure  (PEEP). 

Studies  of  PAGE  in  normal  piglets  suggest  that,  in  small 
animals  without  lung  disease,  this  technique  of  gas  exchange  is 
almost  as  efficient  as  conventional  gas  breathing  by  CPPB.  Oxyge¬ 
nation  and  carbon  dioxide  clearance  were  well  preserved  during 
PAGE.  Moreover,  lung  compliance  and  airway  resistance  were  af¬ 
fected  very  little  by  the  presence  of  30  ml/kg  of  liquid  within 
the  lung,  so  peak  and  mean  airway  pressures  are  not  elevated 
during  PAGE.  In  normal  piglets,  expiratory  air  flow  was  almost  as 
rapid  during  PAGE  as  during  CPPB,  and  the  respiratory  time  con¬ 
stant  was  not  substantially  prolonged  compared  to  gas  breathing 
without  perf luorocarbon  (CPPB).  It  is  predominantly  gas,  not  air 
that  moves  through  the  bronchi  during  PAGE.  It  is,  therefore,  not 
necessary  to  reduce  the  respiratory  frequency  to  institute  PAGE  in 
normals.  Early  investigations  show  that,  using  the  high  purity 
perf luorocarbon  perflubron  (LiquiVent^^,  Alliance  Pharmaceutical 
Corp.,  San  Diego)  PAGE  can  be  accomplished  for  prolonged  periods 
without  deterioration  in  lung  function[6].  Moreover,  evaporation 
can  almost  completely  clear  the  lungs  of  perflubron  within  24 
hours,  and  post  evaporation  histology  is  remarkably  normal. 
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Leach  et  al  have  shown  that  PAGE  is  effective  in  the  sur¬ 
factant  deficient  premature  lamb[7].  Not  only  did  PAGE  improve 
oxygenation  and  carbon  dioxide  elimination  in  that  model,  it 
improved  lung  compliance  as  well.  A  normal  tidal  volume  was  used 
to  ventilate  surfactant  deficient  lambs  at  airway  pressures  sub¬ 
stantially  lower  than  those  required  to  deliver  small  breaths 
before  perf luorocarbon  (perflubron)  instillation.  The  respiratory 
time  constant,  which  is  dramatically  diminished  in  the  stiff, 
surfactant  deficient  lung,  lengthened  toward  normal,  necessitating 
appropriate  changes  in  ventilation  rate. 

Papo  et  al  have  shown  that  PAGE,  using  perflubron,  improves 
gas  exchange  after  intravenous  oleic  acid  lung  injury  in  piglets, 
an  animal  model  of  ARDS[8].  Even  more  dramatic  is  the  apparent 
preservation  of  lung  function  when  PAGE  is  instituted  before  oleic 
acid  infusion.  Histology  was,  again,  dramatically  improved  by 
PAGE  rescue  of  oleic  acid  treated  piglets  using  perflubron. 

Thompson  et  al  have  shown  efficacy  of  PAGE,  using  perflu¬ 
bron,  in  a  piglet  model  of  meconium  aspiration  syndrome[9].  Not 
only  did  PAGE  with  perflubron  improve  gas  exchange,  it  increased 
survival  from  1/8  controls  to  8/8  PAGE  treated  animals. 

Nesti  et  al  have  shown  that  gastric  aspiration  ARDS  is  also 
effectively  treated  by  PAGE  with  perflubron  in  a  piglet  model. 

Both  survival  and  gas  exchange  were  improved[10] .  Gastric  aspira¬ 
tion  is  thought  to  be  the  trigger  of  ARDS  in  about  one  third  of 
the  100,000  to  150,000  ARDS  cases  cared  for  in  the  US  each  year. 

CONCLUSIONS 

PAGE  is  well  tolerated  in  normal  piglets,  and  appears  to 
improve  lung  function  in  several  models  of  lung  disease.  It 
confers  some  of  the  advantages  of  tidal  liquid  breathing,  yet  it 
is  easier  to  implement,  is  technically  less  daunting,  and  repre¬ 
sents  less  of  a  departure  from  conventional  CPPB. 

There  is,  now,  a  medical  grade  perf luorocarbon  possessing 
characteristics  favorable  for  PAGE  (LiquiVent^*^) ;  and  potential 
human  applications  of  this  agent  to  tidal  liquid  breathing  and 
PAGE  may  soon  be  explored. 
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It  is  likely  that  per-patient  expense  of  this  agent  will  be 
substantially  lower  than  that  of  current  approved  pulmonary  sur¬ 
factants.  Moreover,  if  perf luorocarbon  technology  does  reduce  the 
morbidity  of  ventilatory  care,  the  secondary  costs  of  intensive 
care  may  decline. 
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ABSTRACT 

Ever  since  it  was  shown  that  the  NMR  spin-lattice  relaxation 
rates  (Ri)  of  perfluoro carbon  (PFC)  emulsions  are  highly  sensitive  to 
oxygen  tension  (p02),  there  has  been  a  developing  interest  in  the  use  of 
PFCs  to  probe  tissue  physiology.  Oxygen  is  required  for  efficient 
function  by  most  tissues  and  hypoxia  leads  to  rapid  cellular  dysfunction 
and  damage.  In  addition,  hypoxic  tumor  cells  are  refractory  to 
radiotherapy.  Thus,  the  opportunity  to  measure  tissue  oxygen  tension 
non-invasively  may  be  significant  in  understanding  mechanisms  of 
tissue  function  and  in  clinical  prognosis.  PFC  NMR  parameters  are 
also  sensitive  to  temperature,  facilitating  NMR  thermometry  with 
potential  applications  in  hyperthermia  studies.  I  will  review  the 
development  of  experimental  techniques,  applications  to  specific 
tissues  and  discuss  the  challenges  and  opportunities  presented  by 
NMR  of  perfluorocarbons. 

nmr 

i^F  NMR  is  highly  sensitive;  the  isotope  is  100%  naturally 
abundant,  has  spin  1/2  and  provides  83%  the  sensitivity  of  NMR. 
The  proximity  of  ^^p  and  NMR  frequencies  facilitates  the  use  of 
existing  equipment  with  only  minor  modification.  Although  fluorine 
may  exist  in  the  body  at  millimolar  concentrations,  it  predominantly 
occurs  immobilized  in  the  bone  matrix  and  there  is  essentially  no 
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background  signal  to  interfere  with  in  vivo  investigations.  NMR 
exhibits  a  large  chemical  shift  range  and  is  highly  sensitive  to  the  micro¬ 
environmental  millieu.  Fluorine-labelled  molecules  have  been 
developed  to  probe  specific  physiological  parameters  such  as  pH,  metal 
ion  concentrations  and  membrane  potential  [1,  2],  Perfluorocarbons 
offer  exceptional  sensitivity  to  oxygen  tension  and  temperature, 

PFCs  are  essentially  inert  and  exhibit  very  high  gas  solubility. 
They  are  immiscible  with  water,  but  may  be  formulated  as  emulsions 
with  pluronic  or  egg  yolk  phospholipids  [3].  The  possibility  of 
transporting  oxygen  led  to  the  development  of  biocompatible  PFC 
emulsion  blood  substitutes  [3].  Several  commercial  formulations  are 
available  and  representative  ^^F  NMR  spectra  are  shown  in  Fig.  1.  Each 
emulsion  has  a  unique  multi-resonant  spectrum,  which  is 
characterized  by  absolute  (5)  and  relative  (A8)  chemical  shifts,  relative 
signal  intensities  and  spin-lattice  (Ri  =  1/Ti)  and  spin-spin  (R2=  I/T2) 

relaxation  rates.  Each  of  these  parameters  may  be  exploited  in  using 
PFCs  to  probe  tissue  physiology.  The  PFC  of  choice  depends  on 
characteristic  NMR  properties  together  with  the  usual  considerations 
of  emulsion  stability,  vascular  retention,  tissue  targetability  and 
ultimate  clearance  from  the  body. 

Oxygen  Tension 

Oxygen  is  highly  soluble  in  PFCs  and  solvation  obeys  Henry's 
law.  The  inherent  paramagnetism  of  O2  enhances  NMR  relaxation. 

Early  studies  in  neat  PFCs  showed  that  the  spin  lattice  relaxation  rate 
for  the  i^F  NMR  signal  was  given  by  Ri=  a+  b*p02  [4-7].  The  same 

relationship  has  been  confirmed  by  many  investigators  for  PFC 
emulsions  [2,  4,  6-28]  at  magnetic  fields  from  0.14  T  to  7  T.  At  low  field 
individual  resonances  are  not  always  resolved,  but  the  general 
relationship  holds  for  individual  resonances  [2,  17,  20]  or  convoluted 
signals  [6].  The  specific  relationship  is  unique  for  each  individual 
resonance  of  a  PFC  (Fig.  2).  The  relative  sensitivity  to  changes  in  p02 

may  be  compared  on  the  basis  of  ri=  slope/intercept  [29]. 

In  order  to  exploit  this  relationship  for  measurements  of  p02  in 
vivo  it  is  crucial  to  establish  the  validity  of  calibration  curves  obtained 
in  solution  and  to  consider  what  factors  could  interfere  with  the 
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FIGURE  1  282  MHz  19f  NMR  spectra  of  commercial  PFC  emulsions:  a) 

Oxypherol  (20%  w/v  emulsion  of  perfluorotributylamine  (PFTB),  Alpha 
Therapeutics),  b)  OxygentTM  (90%  w/v  emulsion  perflubron  [perfluorooctyl 
bromide,  PFOB],  Alliance  Pharmaceutical  Corp.),  c)  Therox  (40%  w/v  emulsion  of 
trans-1,2  bis-(perfluorobutyl)-ethylene,  Du  Pont)  and  d)  Fluosol  (emulsion  of  14% 
w/v  perfluorodecalin  and  6%  w/v  perfluorotripropylamine  (PFTP),  Alpha 
Therapeutics).  CF3  of  each  emulsion  is  essentially  coincident  and  set  to  0  ppm. 
There  is  some  confusion  in  the  literature  regarding  spectral  assignments  [12,  25, 
31,  32]  and  it  may  be  preferable  to  refer  to  resonances  by  their  chemical  shift. 
CFz's  occur  ~  40  ppm  upfield,  whilst  CF2X  (heteronucleus)  are  shifted  downfield. 


estimates.  We  have  recently  demonstrated  that  Ri  of  Oxypherol 

sequestered  in  excised  hypoxic  tissue  is  identical  to  that  in  emulsion  in 
vitro  when  p02  =  0%  [20].  Some  investigators  have  established 
Rl=f(p02)  calibration  curves  by  exposing  minces  of  tissue  containing 
PFC  to  various  p02s  [30].  We  have  now  established  independent 
evidence  that  Ri  of  Oxypherol  sequestered  in  whole  tissue  in  the 
perfused  heart  responds  to  p02  identically  with  solution  [20].  Briefly,  a 
PFC  loaded  heart  was  excised  and  perfused.  KCl  arrest  and  cooling  to  5 
oc  essentially  stopped  oxygen  consumption  by  the  tissue.  When  the 
p02  of  the  perfusate  was  varied  in  the  range  0-95%O2/  Rl  values  were 
identical  with  those  obtained  from  free  emulsion  [20].  O2  electrodes 
confirmed  p02  in  the  perfusate  and  that  the  arterio-venous  difference 
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FIGURE  2 

A  comparison  of  the  sensitivity  of  Ri  to  oxygen  and  temperature  for  the  PFC 

emulsions  Oxygent™  (•  CF3)  and  Oxypherol®  (A  CF3)  at  4.7  T. 

A)  Rl  =  f  (p02):  Rl  (Oxygent)  =  0.2677(±0.0031se)  +  0.0161(±0.00006se)  (%p02), 

T|=6; 

and  Rl  (Oxypherol)  =  0.779(±0.04se)  +  0.0175(±Q.0001se)(%pO2),  r|=2.2  at  37  oC, 

B)  Rl  =  f(T):  Rl  (Oxygent)  =  0.444(±O.OOI5se)  -  0.00497(±0.00005se)(OC); 
and  Rl  (Oxypherol)  =  1.50(±0.08se)  -  0.0209(±0.0025se)(oC)  at  0%  p02. 

Oxygent  is  more  sensitive  to  changes  in  p02  and  less  sensitive  to  changes  in 
temperature  [21, 27]. 


was  zero  [20].  It  has  also  been  shown  that  Ri  of  PFCs  is  independent  of 

emulsification  [6,  7]  or  dilution  [22]  and  is  unaffected  by  changes  in  pH 
[9,  26],  common  proteins  [9,  26,  33]  or  blood  [25].  Rl  is  unaffected  by  the 

presence  of  paramagnetic  ions  [4,  33],  however,  the  presence  of 
lipophilic  paramagnetic  species  such  as  the  spin  label  doxylstearate 
nitroxide  did  strongly  influence  Rl  [35].  The  Ri=  f(p02)  relationship  is 
field  dependant  [21,  35],  requiring  calibration  curves  to  be  established  at 
the  magnetic  field  of  interest.  Temperature  influences  the  relationship 
and  an  error  of  1  may  be  equivalent  to  1%  p02  or  7  torr  [20],  but  this 
may  be  compensated  by  establishing  the  relationship  Ri=  f(p02,  T) 
{vide  infra). 

Some  of  the  earliest  applications  in  vivo  showed  qualitative 
differences  in  PFC  relaxation  in  the  lungs  and  liver  of  animals  when 
breathing  air  or  oxygen  [2,  34,  36].  Many  early  experiments  used  ^^F  MRI 
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of  vascular  PFC  following  infusion  to  a  high  fluorocrit  (30-50% 
transfusion).  Fishman  et  al  measured  p02  in  rat  liver,  spleen,  lung  and 

tumor,  and  used  projection  images  to  avoid  flow  artifacts  [10,  11]. 
Eidelberg  et  al  mapped  p02  in  the  cat  brain  and  showed  local  changes  in 
p02  following  regional  arterial  occlusion  [9,  37].  Higuchi  et  al 
investigated  changes  in  cerebral  p02  using  l^F  surface  coil  NMR 

spectroscopy  [16].  By  assuming  a  typical  cerebral  blood  flow  a  correction 
was  made  to  the  Ri  estimates  to  compensate  for  flow  artifacts  [16]. 

PFC  emulsions  reside  in  the  vasculature  for  several  hours  [32] 
in  contrast  to  small  molecules,  which  are  subject  to  rapid  renal 
clearance  [38].  Thus,  PFCs  are  finding  a  new  application  as  probes  of 
vascular  volume  [8,  39-42].  Emulsions  are  actively  taken  up  by  the  RES 
(~90%  accumulates  in  liver,  spleen  and  bone  marrow)  [43].  Emulsion 
also  accumulates  in  regions  of  inflammation  [44-46]  and  to  a  lesser 
extent  other  normal  organs  [43-44],  This  provides  excellent  l^F  signal  in 
the  liver  and  spleen  and  has  been  proposed  as  a  contrast  method  to 
delineate  these  organs  [47].  In  an  attempt  to  enhance  tumor  uptake 
antibodies  have  been  conjugated  to  emulsion  particles  [48,  49]. 

Following  sequestration,  PFC  may  remain  in  the  body  for  days 
to  years,  Perflubron  [PFOB]  has  a  half  life  of  ~  3  days  in  the  major 
organs  versus  65  days  for  the  perfluorotripropylamine  component  of 
Fluosol  [45].  The  immobilization  of  sequestered  PFC  in  tissue  avoids 
flow  artifacts  in  determining  relaxation  parameters.  Sequestered  PFC 
has  been  used  to  measure  p02  in  rodent  tumours  [13,  17,  20,  21,  30,  50, 

51],  the  perfused  heart  [18]  and  the  liver  [14,  15,  17,  19].  The 
administration  of  multiple  doses  of  PFC  emulsion  enhances  the 
concentration  of  PFC  and  thus,  tissues  which  accumulate  little  PFC, 
such  as  tumors  and  the  heart  may  be  efficiently  investigated.  A  recent  3- 
D  MRI  study  of  Oxypherol  in  a  Dunning  prostate  tumor  in  a  rat 
provides  new  evidence  for  p02  gradients  within  the  tumor  [50]. 

NMR  spectroscopy  provides  enhanced  temporal  resolution. 
Using  surface  coil  NMR  spectroscopy,  local  measurement  of  p02  in  the 

tumor  has  been  achieved  in  6  mins  with  an  accuracy  ~  15  torr  using 
Oxypherol  [17].  Oxygent  is  considerably  more  sensitive  to  changes  in 
p02  permitting  an  accuracy  ~  5  torr  to  be  achieved,  which  is 


t  (mins) 


t  (mins) 


FIGURE  3  The  variation  of  Ti  and  calculated  myocardial  p02  with  global 
ischemia  and  reperfusion  for  a  perfused  Oxypherol-loaded  rat  heart  (Reproduced 

from  Mason  et  al  [18]).  CF3  ^  and  CF2  #. 


radiobiologically  significant  [21].  Spectroscopy  also  provides 
independent  estimates  of  p02  from  each  resonance  and  Fig.  3  shows  a 
study  in  a  perfused  rat  heart.  The  CF3  resonance  is  considerably  more 
sensitive  than  the  CF2  resonance,  but  the  second  estimate  enhances 
confidence  in  the  results  [17,  18].  Rapid  time  resolution  is  crucial  to 
monitor  p02  dynamics  as  illustrated  in  Fig.  4.  Using  a  2-point 
spectroscopic  Ri  determination,  we  have  achieved  a  time  resolution  of 
1.2  s  in  the  perfused  heart  [18]. 

Spectroscopic  studies  may  be  localized  using  a  surface  coil  with 
discrete  radiofrequency  field  distribution,  or  by  applying  pulsed  field 
gradients  to  interrogate  specific  voxels.  Local  Ri  and  R2  values  have 

been  estimated  from  volumes  as  small  as  1  cc  using  VOSY  in  a  porcine 
kidney  perfused  with  Oxypherol  [31]. 

Delivery  of  PFC  to  an  organ  of  interest  may  be  complicated  by  the 
tendency  for  RES  uptake  and  impermeability  of  structures  such  as  the 
blood  brain  barrier.  Berkowitz  ei  al  have  injected  neat  PFC  directly  into 
the  eye  to  measure  pre-retinal  p02  [12,  52].  This  provided  discrete 
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FIGURE  4  The  variation  of  p02  during  the  onset  of  global  ischemia  in  a 
perfused  Oxypherol-loaded  rat  heart.  There  is  a  direct  relationship  between  signal 
intensity  (I)  and  tissue  pOi  for  the  series  of  partial  saturation  19f  NMR  spectra 
(Tr=L2  s.)  The  onset  of  ischemia  causes  rapid  loss  of  signal  intensity  and  hypoxia 
is  evident  within  40  s.  The  upper  trace  shows  the  corresponding  ventricular 
pressure  indicating  close  correlation  between  pressure  and  p02  and  the  importance 
of  high  temporal  resolution  (Reproduced  from  Mason  et  a/  [18]). 


delivery  and  exceptional  signal /noise.  Experiments  have  examined  full 
vitrectomy  as  well  as  bubbles  of  PFC  as  small  as  2  pi.  Investigations 
have  examined  both  steady  state  and  the  kinetics  of  oxygen  uptake  and 
clearance  [12, 52]. 

Using  combined  and  ^^F  MRI  it  has  been  shown  that  there  is 
heterogeneous  uptake  of  PFC  emulsion  by  tumors  with  enhanced 
deposition  around  the  tumor  periphery,  corresponding  with  regions  of 
highest  perfusion  [50,  53].  Thus,  NMR  spectroscopic  relaxation 
measurements  are  de  facto  localized  to  the  region  of  tissue  containing 
PFC.  In  a  Dunning  prostate  rat  tumor  it  has  been  shown  that  PFC 
remained  localized  over  time  as  the  tumor  grew  and  retained  its  form 
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and  distribution;  new  tumor  tissue  grew  peripherally.  Initially  p02  ~  45 
torr,  and  two  weeks  after  administration,  PFC  was  relatively  central  in 
the  tumor  and  was  found  to  be  hypoxic  [53]. 

R2  is  also  sensitive  to  p02  (Fig.  5)  and  may  provide  more 
efficient  estimation  of  p02  by  exploiting  a  multi-echo  CPMG  type 
sequence  [22].  The  relative  merits  of  Ri  and  R2  indices  of  p02  have  been 
examined  and  each  has  been  used  to  monitor  p02  in  abscess  with 
variation  in  inhaled  gas  [22,  54].  Estimation  of  R2may  be  complicated  by 
J-modulation,  but  this  can  be  avoided  by  selective  excitation  of  the 
resonance  of  interest  [55]. 

Thermometry 

chemical  shift  is  temperature  dependent  [56-58],  whilst  being 
essentially  independent  of  p02  [58].  Internal  chemical  shift  differences 
in  PFTB  have  been  used  to  estimate  temperature  in  the  eye  [58]  and 
close  correlation  was  found  with  measurements  by  thermocouple.  The 
change  ~  1  Hz  /^C  is  very  small  and  requires  well  resolved  lines  [58]. 
Although  the  sensitivity  of  the  internal  chemical  shifts  of  perflubron  is 
similar  (Fig.  6),  the  lines  are  better  resolved  and  may  therefore  provide 
enhanced  temperature  definition,  particularly  at  low  field. 

Another  approach  to  NMR  thermometry  was  based  on  the  ratio 
of  signals  from  cis  and  trans  isomers  of  perfluorodecalin  which  varies 
with  temperature  [59-60]. 

Oximetry  and  Thermometry 

Each  ^^F  resonance  of  a  PFC  exhibits  a  unique  response  to  p02 
and  temperature  and  the  relationships:  Ri(CF3)  =  1.647  -  0.021T  + 
0.027P  -  0.000208PT  and  Ri(CF2{2  ppm]  =  3.363  -  0.043T  +  0.027P  - 
0.000284PT  have  been  determined  for  Oxypherol  at  7  T  [20].  Since  each 
resonance  is  derived  from  a  single  molecule  and  hence,  must  be  at  the 
same  p02  and  temperature,  it  is  possible  to  solve  the  simultaneous 
equations  and  determine  p02  and  temperature  simultaneously,  and 

unambiguously,  without  a  priori  knowledge  [20].  This  has  been 
exploited  to  measure  p02  in  mouse  tumours,  where  temperature  was 

unknown  [13]. 

DISCUSSION 

PFC’s  may  be  used  as  molecular  amplifiers  to  measure  p02  by  ^^F 
NMR.  Individual  NMR  parameters  may  be  assessed  or  a  combination 
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FIGURE  5  The  variation  of  R2  with  p02  and  temperature  for  the  CF2Br 
resonance  of  Oxygent  at  4.7  T. 

A)  R2=  2.907(±0.106se)  +  0.1056(±0.0021se)(%pO2)  at  27  oC. 

B)  R2=  2.292(±0.109se)  +  0.077  8(+0.0033se)(oC)  at  12.2  %p02. 


FIGURE  6  Internal  chemical  shift  difference  between  the  CF3  and  CF2(-45 
ppm)  resonances  of  Oxygent  at  4.7  T  as  a  function  of  temperature  at  0%pO2: 

A5  =  -44.977(±0.017se)  +  0.00865(±0.00049se)  oC. 
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of  Ri,  R2  and  chemical  shift  may  be  used  to  provide  corroborative 
estimates  of  p02  and  temperature,  NMR  of  PFC  is  non-invasive 
and  measurements  may  be  global  or  localized.  This  contrasts  existing 
techniques  which  are  generally  invasive  and  sample  very  localized 
regions  only  (e.g.,  micro-electrodes)  [61].  Shortly  after  IV  infusion  PFCs 
may  be  used  to  interrogate  p02  in  tissue  vasculature  [9,  10,  16].  Later 
when  the  material  is  sequestered  tissue  p02  is  determined  [13,  15,  17, 

18].  Alternatively,  direct  administration  by  injection  or  inhalation  has 
provided  retinal  [12,  52]  or  alveolar  p02  [34].  The  temporal  resolution 

depends  on  the  signal  strength  (tissue  PFC  concentration),  the  desired 
localization  (regional  p02)  and  the  requisite  accuracy  of  the 

determination.  Localization  may  be  achieved  using  tailored  RF  field 
gradients  or  using  non-localized  interrogation  of  discrete  PFC 
distribution  [52,  53].  The  choice  of  experiment  will  depend  on  the 
biological  phenomenon  to  be  investigated.  It  may  be  optimal  to 
measure  p02  accurately  with  high  spatial  resolution  as  a  baseline  and 

then  monitor  dynamic  changes  very  rapidly,  albeit  with  some  loss  of 
definition.  Technical  improvements  will  enhance  methodology; 
indeed,  echo  planar  MRI  holds  the  promise  of  sub-second  p02  maps  of 
the  liver  [62].  At  the  same  time  enhanced  PFC  emulsions  with 
improved  sensitivity  to  p02/  insensitivity  to  temperature  and  organ 
targetability  ("stealth  emulsions"  avoiding  the  RES  [3])  could  enhance 
the  utility  for  physiological  studies. 

PFC  emulsions  are  already  used  clinically  for  coronary 
angioplasty  and  are  undergoing  clinical  trials  for  further  applications 
[3].  PFCs  have  been  detected  in  patients  with  good  sensitivity  [63-65] 
suggesting  that  they  may  find  application  for  diagnosis  and  prognosis 
in  future. 
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PHARMACOKINETICS  AND  TOLERANCE 

OF  WEEKLY  OXYGENT™  CA  INFUSIONS  IN  THE  DOG 

C.J.  Henry,  W.G.  Brewer,  Jr.,  R.A.  Henderson,  W.R.  Brawner;  Auburn 
University  College  of  Veterinary  Medicine,  Auburn  University,  Alabama,  U.S.A 
36849-5523 

This  study  determined  the  OXYGENT™  CA  (90%  w/v  perflubron 
emulsion.  Alliance  Pharmaceutical  Corporation)  dose  necessary  to  achieve  a  3  - 
4%  fluorocrit,  and  the  tolerance  of  this  dose  administered  once  per  week  for  four 
weeks  to  dogs.  This  study  simulated  OXYGENT™  CA  use  as  a  radiosensitizing 
agent.  Six  adult  dogs  were  administered  6  ml/kg  OXYGENT™  CA  once  per 
week  for  4  weeks.  Blood  samples  were  collected  following  infusion,  until 
fluorocrits  were  _<  0.5%.  One  week  after  the  fourth  infusion,  three  dogs  were 
necropsied.  Liver  biopsies  were  obtained  from  the  remaining  three  dogs  which 
were  monitored  12  additional  weeks.  All  dogs  achieved  fluorocrits  >  3.0%  (3.5 
-5.1%)  with  the  6  ml/kg  dose.  A  3  ml/kg  dose  did  not  provide  a  fluorocrit  > 
3.0%.  Serum  bilirubin  concentrations  were  elevated  at  24-hour  sampling  times 
and  declined  within  72  hours.  Elevations  in  ALT,  SAP,  and  bile  acids  were 
noted.  Splenic  and  hepatic  microvasculature  fibrosis  occurred  in  the  long-term 
study  dogs.  Thrombocytopenia  occurred  in  5/6  dogs,  necessitating  exclusion  of 
one  dog  from  2  infusions.  However,  3/5  thrombocytopenic  dogs  had  titers  for 
Ehrlichia  sp. ,  whieh  elicits  thrombocytopenia.  Therefore,  we  cannot  conclude  the 
effect  of  OXYGENT™  CA  on  platelets. 
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INTRODUCTION 

Tumor  hypoxia  causes  radioresistance,  limiting  the  success  of  solid  tumor 
radiation  therapy[l-4].  Intravenous  perfluorochemical  emulsion  (Fluosol-DA  20% 
emulsion)  and  oxygen  or  carbogen  breathing  increases  tumor  radiosensitivity[5- 
10].  Preliminary  data  suggests  that  a  newer  perflubron  (perfluorooctyl  bromide 
[PFOB])  emulsion  (Oxygent™, Alliance  Pharmaceutical  Corp.)  may  represent  a 
safer,  more  stable,  and  effective  alternative  to  Fluosol-DA  20%  (Alpha 
Therapeutics)  for  use  as  a  radiosensitizing  and  chemotherapy-enhancing  agent[l  1- 
19].  This  study  determined  the  Oxygent™  CA  dose  necessary  to  achieve  a  3  to 
4%  fluorocrit  (volume  percentage  of  fluorochemicals  in  blood)  in  dogs.  The  3 
to  4%  fluorocrit  was  based  on  rodent  studies [14] .  The  appropriate  Oxygent  CA 
dose  was  then  administered,  under  conditions  anticipated  for  clinical  trial,  to 
determine  tolerance. 


MATERIALS  AND  METHODS 

dose  study 

Six  normal,  adult,  mixed-breed  dogs  were  chosen  for  dose  determination 
studies  following  physical  examination,  complete  blood  counts,  urinalyses,  blood 
urea  nitrogen  (BUN),  creatinine,  bilirubin,  and  pre-  and  postprandial  bile  acid 
concentrations,  and  alanine  aminotransferase  (ALT)  and  alkaline  phosphatase 
(SAP)  activities.  Only  dogs  with  measured  parameters  within  reference  ranges 
were  included  in  the  study.  Oxygent™  CA  was  administered  intraveneously 
(cephalic  vein)  to  three  dogs  at  a  dose  of  3  ml/kg  and  three  dogs  at  a  dose  of 
6ml/kg  once  per  week  for  two  weeks.  Fluorocrits  were  determined  5,  10,  15,  30, 
45,  60,  75,  90,  and  105  minutes  and  2,  3,  4,  5,  6,  8,  12,  18,  24,  30  and  36 
hours  post-infusion  by  standard  methods[14].  If  fluorocrits  were  <0.5%  prior  to 
the  36-hour  sample,  subsequent  samples  were  not  obtained, 
tolerance  and  pharmacokinetic  study 

Six  different  dogs  were  chosen  based  on  normal  physical  examinations, 
thoracic  radiographs,  EKG’s,  complete  blood  counts,  serum  biochemistry 
evaluations  (BUN,  creatinine,  ALT,  SAP,  bilirubin),  urinalyses,  pre-  and 
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postprandial  bile  acids,  fecal  examinations,  and  microscopic  and  antigen  testing 
for  Dirofilaria  immitis.  Oxygent™  CA  (6  ml/kg)  was  administered  intravenously 
(cephalic  vein)  once  per  week  for  4  weeks.  Fliiorocrits  were  measured  15,  30, 
45,  60,  and  90  minutes  and  2,  3,  4,  5,  6,  8,  12,  18,  24,  30,  and  36-hours  post¬ 
infusion,  or  until  fluorocrits  were  <0.5%.  In  order  to  simulate  conditions  of  a 
proposed  clinical  trial,  dogs  received  intranasal  oxygen  at  a  flow  rate  of  5 
liters/minute  for  one  hour  after  Oxygent™  CA  infusion.  Additionally,  dogs  were 
pre-anesthetized  with  atropine  sulfate  (0.045  mg/kg  subcutaneously)  and 
anesthetized  with  acetylpromazine  (Promace®,  Fort  Dodge)(0.05  mg/kg  IV)  and 
ketamine  hydrochloride  (Ketaset®,  Fort  Dodge)(10  mg/kg  IV  to  effect,  1/4  dose 
at  a  time)  on  Monday,  Wednesday,  and  Friday.  In  those  dogs  which  did  not 
achieve  adequate  anesthesia  and  immobilization,  tiletamine 
hydrochloride/ zolazepam  hydrochloride  (Telazol®,  A.H.  Robins)(2  mg/kg  IV)  was 
substituted.  Complete  blood  counts,  serum  biochemistry  evaluations  (BUN, 
creatinine,  ALT,  SAP,  bilirubin)  and  urinalyses  were  performed  24  and  72  hours 
after  each  infusion.  Pre-  and  postprandial  bile  acids  were  measured  weekly. 
Three  randomly  selected  study  dogs  were  euthanatized  one  week  after 
administration  of  the  final  dose  and  necropsies  were  performed  to  monitor  for 
acute  pathologic  lesions.  Weekly  laboratory  evaluations  were  performed  (CBC 
and  platelet  counts,  urinalyses,  bile  acids  and  serum  biochemistries  as  listed 
previously)  on  the  three  remaining  dogs  to  determine  reversibility  of  Oxygent™ 
CA-related  biochemical  abnormalities  and  late  effects  of  infusion.  Liver  biopsies 
were  obtained  from  these  dogs  by  laparoscopy  one  week  after  the  final  Oxygent^'^ 
CA  dose.  The  dogs  were  evaluated  an  additional  12  weeks,  euthanatized,  and 
necropsies  were  performed. 


RESULTS 

dose  study 

All  dogs  achieved  fluorocrits  >  3.0%  (3.5  -  5.1%)  with  the  6  ml/kg 
Oxygent™  CA  dose.  The  3  ml/kg  dose  provided  fluorocrits  of  2.5  to  2.9%. 
Maximum  fluorocrits  were  reached  within  15  minutes  of  infusion.  A 
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fluorochemical  band  was  detected  for  8  hours  after  infusion  in  the  low-dose  group 
and  36  hours  in  the  high-dose  group.  Elimination  curves  plotted  on  semilog  scale 
indicate  similar  slopes  for  both  the  3  ml/kg  and  6  ml/kg  groups.  Oxygent™  CA 
followed  first-order  elimination,  with  a  set  percent  of  the  product  eliminated  from 
the  blood  per  unit  of  time.  Side  effects  of  the  6  ml/kg  dose  were  limited  to 
vomiting  within  90  minutes  of  infusion  in  two  dogs  and  febrile  responses  (T  > 
104°  F)  in  two  dogs,  resolving  by  18  hours  post-infusion.  One  dog  in  the  3 
ml/kg  group  vomited  within  2  hours  of  infusion  of  the  second  dose, 
tolerance  and  pharmacokinetic  study 

All  dogs  achieved  flourocrits  >3%  (3.0  -  4.75%)  with  each  6  ml/kg  dose. 
Flourochemical  bands  were  undetectable  in  blood  within  36  hours  ot  infusion 
(range  =  18-36  hours).  First-order  elimination  was  again  observed.  One  dog 
received  only  two  doses  of  Oxygent™  CA  due  to  complications  (see  below).  No 
acute  side  effects  were  noted  following  infusion,  although  anesthesia  may  have 
affected  tolerance.  Serum  bilirubin  concentrations  were  elevated  (mean  =  1.25 
mg/dl;  reference  =  0.1  -  0.3  mg/dl)  at  24-hour  sampling  times  and  declined 
(mean  =  0.45  mg/dl)  within  72  hours  post-infusion.  Serum  alanine 
aminotransferase  activity  exceeded  normal  (reference  =  17-66  lU/L)  by  week 
3  (mean  =  82.4  lU/liter),  peaked  (mean  =  185  lU/L)  during  Week  12,  and 
returned  to  normal  (mean  =  61.3  lU/L)  by  Week  13.  Serum  alkaline  phosphatase 
activity  exceeded  normal  (reference  =  19-50  lU/L)  within  24  hours  of  the  first 
infusion  (mean  =  91.3  lU/L).  Peak  SAP  activity  (mean  =  591.2  lU/L)  was 
noted  during  week  4,  and  values  exceeded  the  reference  range  for  the  remainder 
of  the  study.  The  reference  range  values  for  pre-  and  post-prandial  bile  acids  (pre 
=  0.1-  6.5  mg/dl  ;  post  =  0.6-11.4  mg/dl)  were  exceeded  within  one  week  of 
the  first  infusion  (mean  pre  =  14.5  mg/dl  ;  mean  post  =  15.2  mg/dl).  Maximum 
values  (mean  pre  =  16. 1  mg/dl;  mean  post  =  26.6  mg/dl)  occurred  during  Week 
7.  Fibrosis  of  hepatic  microvasculature  and  spleen  was  noted  on  necropsy 
specimens  from  long-term  (4-month)  study  dogs.  This  fibrosis  was  not  observed 
in  the  dogs  euthanatized  weeK  5,  nor  in  the  biopsy  samples  from  long-term  study 
dogs.  Elevations  in  BUN  and  creatinine  concentrations  occurred  after  Oxygent™ 
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CA  administration.  However,  values  remained  within  reference  range. 
Decreased  platelet  counts  were  noted  in  five  dogs  after  Oxygent™  CA  infusion, 
and  necessitated  exclusion  of  one  dog  from  the  final  two  infusions.  However 
three  of  the  dogs  exhibiting  thrombocytopenia,  including  the  dog  excluded  from 
two  infusions,  had  positive  titers  for  Ehrlichia  sp.,  which  elicits 
thrombocytopenia.  Mean  platelet  counts  for  Ehrlichia-n&gativ&  dogs  were  within 
normal  limits  (200,000  -  900, 000/m m^). 

CONCLUSIONS 

A  6  ml/kg  Oxygent"^^  CA  dose  provides  a  fluorocrit  >  3%  in  the  dog.  This 
dose  produces  few  side  effects.  When  the  6  ml/kg  dose  is  administered  once 
weekly  for  four  weeks,  liver  enzyme  elevations  and  increased  pre-  and 
postprandial  bile  acid  concentrations  occur.  Fibrosis  of  hepatic  microvasculature 
and  spleen  was  present  in  two  of  three  dogs  three  months  after  the  last  infusion, 
but  is  of  unknown  significance.  Due  to  Ehrlichia  sp.  infection  in  three  dogs,  we 
were  unable  to  draw  conclusions  regarding  the  effect  of  Oxygent™  CA  on 
platelets.  Further  investigation  of  the  long-term  effects  of  Oxygent™  CA  on 
hepatic  function  and  platelets  is  warranted. 
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ABSTRACT 

A  high-concentration  90%  w/v  perflubron  (perfluorooctyl  bromide  [PFOB])  emulsion 
(Oxygent™  HT)  is  being  evaluated  as  an  oxygen  carrier  for  use  during  surgery.  This  study 
was  done  to  assess  oxygen  delivery  by  Oxygent  HT  during  acute  normovolemic  hemodilution. 
Anesthetized  mongrel  dogs,  instrumented  with  femoral  and  pulmonary  artery  catheters,  were 
hemodiluted  to  a  hematocrit  of  25%  with  3: 1  (v/v)  of  Ringers-lactate  (R-L).  Dogs  were  then 
ventilated  with  100%  O2  and  hemodiluted  to  a  Hct  -11%  with  1.5  (v/v)  of  colloid  (autologous 
plasma  and  5%  albumin).  Dogs  then  received  either  3.3  mL/kg  Oxygent  HT  (n  =  5)  or  3.3 
mL/kg  R-L  (n  =  4),  and  were  monitored  for  3  hours.  Total  oxygen  delivery  (D02i  blood 
oxygen  content,  cardiac  output,  mixed  venous  PO2,  and  mixed  venous  Hb  saturation  was 
higher  in  Oxygent  HT  treated  dogs  compared  to  the  R-L  controls.  The  percentage  of  total 
DO2  contributed  by  perflubron-dissolved  oxygen  was  about  8-10%  and  accounted  for  25-30% 
of  total  oxygen  consumption  (VO2).  The  percentage  of  VO2  contributed  by  Hb-carried 
oxygen  was  significantly  higher  in  R-L  controls  (46  ±  4%)  than  in  the  treated  dogs  (15  ±  3%), 
indicating  that  the  availability  of  the  perflubron-dissolved  oxygen  allowed  for  a  reserve  of 
oxygen  to  remain  available  in  the  red  blood  cells. 

INTRODUCTION 

The  development  of  perfluorochemical  emulsions  as  oxygen  carriers  or 
"blood  substitutes"  is  based  on  their  gas  transporting  capability  (1).  Oxygent™  HT 
(Alliance  Pharmaceutical  Corp.),  is  a  concentrated  emulsion  based  on  perflubron 
(perfluorooctyl  bromide:  CgFnBr)  which  is  stable  at  room  temperature.  Oxygent 
HT  is  being  evaluated  for  use  as  a  temporary  oxygen  carrier  during  surgical 
procedures  that  use  autologous  blood  transfusion  techniques  (e.g,  predonation 
and  intraoperative  hemodilution).  By  enhancing  oxygen  delivery  during  surgery, 
the  use  of  Oxygent  HT  will  provide  a  margin  of  safety  and  allow  for  a  delay  in  the 
re-infusion  of  the  limited  supply  of  autologous  blood  until  later  into  or  post¬ 
surgery,  thereby  reducing  the  potential  exposure  to  allogeneic  (donor)  blood. 

Oxygen  carried  by  perflubron  is  physically  dissolved  and  is  present  in  the 
plasma  compartment  (i.e.,  not  bound  to  hemoglobin  inside  red  cells),  making  it 
more  readily  available  for  utilization  by  the  tissues  (2).  Thus,  using  an  oxygen 
carrier  like  Oxygent  HT  has  the  potential  to  provide  a  remarkable  contribution  to 
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total  oxygen  supply,  especially  when  used  during  hemodilution  (3).  This  study 
was  designed  to  assess  the  oxygen  delivery  capability  of  a  relatively  low  dose  of  a 
90%  w/v  perflubron  emulsion  during  acute  normovolemic  hemodilution. 

MATERIALS  and  METHODS 

The  PFC  emulsion  tested  in  this  study  contained  90%  w/v  (-47%  by  volume)  perflubron 
(perfluorooctyl  bromide  [PFOB])  and  4%  w/v  egg  yolk  phospholipid  as  the  emulsifier,  and  had  a 
mean  particle  size  of  about  0.25  [im.  The  emulsion  was  physiological  with  respect  to  osmolality 
and  pH,  was  terminally  heat-sterilized  and  was  pyrogen  free.  The  solubility  of  O2  and  CO2  in  the 
90%  perflubron  emulsion  (@  760  mmHg;  37°C)  is  approximately  25  mL/dL  and  100  mL/dL, 
respectively. 

Mongrel  dogs  (n  =  9)  were  intubated  and  ventilated  with  air  under  isoflurane  anesthesia. 
Catheters  were  placed  in  both  femoral  arteries  and  veins,  and  a  Swan-Ganz  catheter  (Oximetrix™) 
was  inserted  in  the  pulmonary  artery  to  measure  cardiac  output  (by  thermodilution)  and  to  collect 
mixed  venous  blood.  Systemic  and  pulmonary  blood  pressures,  and  heart  rate  (from  EKG)  were 
monitored.  Arterial  and  venous  blood  was  analyzed  for  hematocrit,  blood  gases,  and  total  oxygen 
contents  (Lex02Con,  Hospex  Fiberoptics,  Chestnut  Hill,  MA). 

Just  prior  to  hemodilution,  epinephrine  (12.5  ^g/kg)  was  given  intravenously  to  contract 
the  spleen  to  release  sequestered  red  blood  cells.  Dogs  were  hemodiluted  to  a  hematocrit  (Hct)  of 
25%,  by  replacing  shed  blood  with  3  volumes  of  Ringer's-Lactate  (R-L).  To  mimic  additional 
surgical  blood  loss,  dogs  were  further  hemodiluted  to  a  target  Hct  of  10%  while  being  ventilated 
with  100%  O2,  with  shed  blood  being  replaced  with  1.5  vols  of  autologous  plasma  and  albumin 
solution  (5%  albumin  in  R-L)  to  maintain  plasma  oncotic  pressure.  Animals  were  then  randomly 
assigned  to  one  of  two  groups:  controls  (n  =  4;  18  ±  1  kg)  were  injected  i.v.  with  3.3  mL/kg  of  R-L 
while  treated  dogs  (n  =  5;  20  ±  2  kg)  received  3.3  mL/kg  of  a  90%  w/v  perflubron  emulsion 
(equivalent  to  3.0  g  perflubron/kg).  Dogs  were  then  monitored  for  a  period  of  3  hours.  Blood 
perflubron  levels  were  assayed  by  analytical  gas  chromatography. 

RESULTS 

All  dogs  tolerated  profound  hemodilution  to  Hct  levels  of  ^10%.  Figure  1 
shows  the  significant  cardiac  output  increase  (as  blood  viscosity  decreased  (during 
progressive  hemodilution),  which  tended  to  be  higher  in  treated  dogs.  There  were 
no  significant  differences  between  the  two  groups  in  pulmonary  capillary  wedge 
pressure  or  in  mean  systolic  blood  pressure.  Intravascular  retention  of  perflubron 
emulsion  (by  GC  analysis)  yielded  a  blood  half-life  of  approximately  5  hours. 

Both  the  arterial  and  venous  oxygen  contents  were  found  to  be  higher  in 
the  perflubron-treated  animals  throughout  the  3  hour  monitoring  period  (data  not 
shown).  The  combination  of  increased  cardiac  output  with  an  increased  oxygen 
carrying  capacity  in  the  blood  of  treated  animals  resulted  in  higher  total  oxygen 
delivery  (475  ±  75  mL/min)  compared  to  controls  (320  ±  50  mL/min).  Arterial 
PO2  levels  during  ventilation  on  100%  oxygen  ranged  between  400  to  450  mmHg 
in  both  groups.  As  reported  elsewhere  (4),  the  mixed  venous  blood  PO2  (PVO2) 
levels  increased  signihcantly  to  108  ±  14  mmHg  after  injection  of  perflubron 
emulsion,  while  Pv02  levels  remained  at  51  ±  2  mmHg  in  the  R-L  control  dogs. 
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FIGURE  1.  Hematocrit  (Hct)  and  cardiac  output  (C.O.)  in  anesthetized  dogs  during 
and  following  normovolemic  hemodilution  (HD).  The  low  starting  Hct  (<40%)  was  due  to 
sequestering  of  red  cells  in  the  spleen.  The  spleen  was  contracted  with  i.v.  epinephrine 
(12.5  )ig  Epi/kg  BW).  Data  shown  are  Means  ±  SEM  (n  =  5  dogs). 


As  shown  in  Figure  2,  significantly  higher  mixed  venous  oxyhemoglobin 
saturation  levels  were  present  in  the  perflubron-treated  animals  throughout  the  3 
hour  monitoring  phase,  as  a  consequence  of  the  elevated  mixed  venous  Pv02  in 
these  animals.  Total  oxygen  consumption  (VO2),  shown  in  Figure  3,  was  not 
affected  by  infusion  of  perflubron  emulsion  and  was  maintained  at  normal  levels 
in  both  groups.  Oxygen  dissolved  only  in  perflubron  accounted  for  8-10%  of  the 
total  oxygen  delivery,  and  because  of  the  high  oxygen  extraction  coefficient  for 
perflubron,  accounted  for  25-30%  of  VO2.  The  percent  oiNOi  contributed  by 
only  the  oxygen  extracted  from  hemoglobin  was  significantly  lower  for  the  treated 
dogs  (15  ±  3%)  compared  to  R-L  controls  (46  ±  4%). 

DISCUSSION 

During  surgery,  the  use  of  a  PFC-based  oxygen  carrier  might  effectively 
augment  oxygen  delivery  (5).  Because  venous  oxygen  tension  remains  high  in  the 
presence  of  PFCs,  a  persistently  larger  oxygen  gradient  will  exist  between  blood 
and  tissues,  thereby  facilitating  diffusion  of  oxygen  to  the  tissues  (2).  If  red  blood 
cells  lost  during  surgery  were  replaced  temporarily  by  an  oxygen  carrier  with  a 
limited  half-life  in  the  blood,  then  the  need  for  autologous  blood  transfusion  could 
be  delayed  and  the  autologous  blood  might  not  be  wasted  during  periods  of  acute 
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FIGURE  2.  Mixed  venous  blood  Hb  saturation  levels  in  anesthetized  dogs  during  and 
following  normovolemic  hemodilution.  Injection  time  for  the  dose  of  perflubron  emulsion 
(n  =  5)  or  Ringer's-Lactate  (n  =  4)  after  the  hemodilution  (HD)  is  indicated  by  the  arrow. 
‘Indicates  a  significant  difference  between  groups.  Data  shown  are  Means  ±  SEM. 


intraoperative  blood  loss.  This  could  have  a  significant  impact  on  decreasing  the 
likelihood  of  allogeneic  blood  transfusions  in  many  surgical  procedures  (6). 

The  results  of  this  study  demonstrated  that  after  profound  hemodilution  in 
dogs,  a  relatively  low  dose  of  a  90%  w/v  perflubron  emulsion  {Oxygent™  HT) 
could  increase  total  oxygen  delivery  by  ~40%.  Due  to  the  hemodilution,  large 
increases  in  cardiac  output  (>100%)  were  observed  in  both  groups.  Mixed  venous 
PO2  levels  and  mixed  venous  oxygen  saturation  were  elevated  significantly  in  the 
perflubron-treated  animals.  Total  oxygen  delivery  was  approximately  35%  to 
50%  higher  in  dogs  receiving  perflubron  emulsion,  although  total  VO2  did  not 
differ  significantly  between  groups.  The  higher  oxygen  delivery  in  perflubron- 
treated  dogs  resulted  from  a  combination  of  30%  higher  cardiac  output  and  a  10% 
higher  arterial  oxygen  content.  Perflubron-dissolved  oxygen  accounted  for  about 
25-30%  of  total  VO2,  resulting  in  a  considerable  sparing  of  oxygen  extraction 
from  hemoglobin.  The  percentage  of  VO2  contributed  by  the  hemoglobin-carried 
oxygen  was,  therefore,  significantly  lower  in  the  perflubron  emulsion-treated  dogs 
than  in  controls  (4). 

Figure  4  compares  the  sigmoid- shaped  oxyhemoglobin  dissociation  curve 
of  whole  blood  to  the  linear  dissociation  curve  for  Oxygent  HT.  Since  PFCs  obey 
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FIGURE  3.  Total  oxygen  consumption  (VO2)  in  anesthetized  dogs  following  acute 
normovolemic  hemodilution.  Injection  time  for  the  dose  of  perflubron  emulsion  (n  =  5)  or 
Ringer’s-Lactate  (n  =  4)  after  hemodilution  (HD)  is  indicated  by  the  arrow.  Data  shown 
are  Means  ±  SEM. 


Arterial  Blood  PO2  Level  (mm  Hg) 

FIGURE  4,  Comparison  of  the  oxygen  dissociation  curves  for  a  90%  w/v  perflubron 
emulsion  {Oxygent  HT)  and  whole  blood.  The  arrows  indicate  the  potential  delivery  of 
oxygen  (on  an  equal  volume  basis)  at  different  arterial  PO2  levels.  (Note:  The  solubility 
of  oxygen  In  PFCs  obeys  Henry's  law  and  depends  only  on  the  surrounding  PO2.) 
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Henry's  law,  the  amount  of  dissolved  oxygen  they  can  carry  depends  on  the  PO2. 
As  indicated  by  the  arrows  in  Fig.  4,  PFCs  will  deliver  2  to  3  times  more  oxygen 
than  whole  blood  (on  an  equal  volume  basis)  at  elevated  PO2  levels.  Moreover, 
the  utilization  of  oxygen  (i.e.,  VO2)  will  come  preferentially  from  PFC-dissolved 
oxygen  which  is  more  readily  available  than  oxygen  bound  to  Hb  inside  red  blood 
cells.  Thus,  any  increase  in  Pa02  will  increase  the  amount  of  oxygen  dissolved  in 
the  PFC  emulsion  carried  in  the  blood.  The  same  does  not  apply  to  hemoglobin. 
At  a  Pa02  of  100  mmHg  Hb  is  almost  fully  saturated,  meaning  that  at  elevated 
PO2  levels  no  additional  oxygen  can  be  carried  bound  to  Hb  and  no  oxygen  will 
be  released  from  Hb.  In  the  absence  of  PFCs,  increased  Pa02  levels  (i.e.,  >100 
mmHg)  will  only  add  to  the  blood,  a  small  additional  amount  of  oxygen  dissolved 
in  the  plasma  itself. 

PFC  emulsions  have  a  very  high  oxygen  extraction  coefficient  when  the 
animals  are  breathing  gases  with  high  concentrations  of  oxygen.  This  means  that 
between  a  Pa02  of  400  mmHg  and  a  PVO2  of  100  mmHg,  the  PFC  emulsion  will 
deliver  its  oxygen  before  any  oxygen  bound  to  hemoglobin  gets  released.  Thus, 
Oxygent  HT  provides  a  means  for  significantly  increasing  the  amount  of  oxygen 
carried  in  blood  when  the  Pa02  is  raised  above  90-100  mmHg.  By  serving  as  the 
first  dispenser  of  oxygen,  the  PFC-dissolved  oxygen  protects  the  oxyhemoglobin 
saturation  levels.  Consequently,  this  leaves  more  Hb-bound  oxygen  (inside  red 
cells)  to  act  as  a  reserve  of  oxygen,  which  represents  a  margin  of  safety  during 
hemodilution  or  acute  blood  loss  that  can  be  provided  by  PFC-carried  oxygen. 

These  results  have  demonstrated  that  a  relatively  low  dose  of  an  oxygen¬ 
transporting  perflubron  emulsion  can  improve  the  overall  oxygenation  status  in 
the  acutely  anemic  dog.  Since  the  mixed  venous  PO2  can  be  regarded  as  a  good 
clinical  indicator  of  tissue  PO2,  then  treatment  with  a  PFC-based  oxygen  carrier 
like  Oxygent  HT  would  appear  to  improve  the  oxygenation  status  of  the  tissues 
during  hemodilution.  Such  a  technique  could  provide  a  margin  of  safety  against 
excessive  anemia  during  surgical  procedures  in  which  the  red  cell  mass  has  been 
lowered  by  intentional  autologous  blood  collection  or  intraoperative  blood  loss. 
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ABSTRACT 

Perfluorochemical  (PFC)  emulsions  are  particulate  in  nature  and,  as  such,  can  cause 
delayed  febrile  reactions  when  injected  intravenously.  This  study  investigated  the  influence  of 
emulsion  particle  size  on  intravascular  retention  and  on  body  temperature  changes  in  unrestrained 
conscious  rats.  Concentrated  (60%  to  90%  w/v)  emulsions  based  on  perflubron  (perfluorooctyl 
bromide  [PFOB])  with  mean  particle  sizes  ranging  from  0.05  pm  to  0.63  jim  were  tested.  Rats 
were  fitted  with  a  chronic  jugular  catheter  and  an  abdominal  body  temperature  telemetry  unit. 
Fully  recovered,  conscious  rats  were  monitored  for  24  hours  after  infusion  (dose  =  2.7  g  PFC/kg)- 
Emulsion  blood  half-life  (TI/2)  was  determined  from  blood  perflubron  levels  measured  by  gas 
chromatography.  Emulsions  with  a  particle  size  of  0.2-0.3  pm  caused  fevers  (6  to  8  hour  duration) 
which  peaked  at  1-1. 5®C  above  normal  (~  37.5°C).  Fevers  could  be  blocked  by  i.v.  treatment  with 
either  cyclooxygenase  inhibitors  (ibuprofen)  or  corticosteroids  (dexamethasone).  Both  intensity 
and  duration  of  the  temperature  response,  quantified  by  area  under  the  temperature  curve,  was 
decreased  significantly  for  emulsions  with  a  particle  size  <  0.12  pm.  Blood  TI/2  varied  inversely 
with  particle  size,  and  was  3  to  4  fold  longer  for  emulsions  with  a  mean  particle  size  <  0.2  pm. 
Thus,  smaller  emulsion  particles  more  effectively  evaded  the  reticuloendothelial  system,  which 
resulted  in  longer  intravascular  retention,  less  macrophage  activity,  and  reduced  febrile  responses. 


INTRODUCTION 

Perfluorochemical  (PFC)  emulsions  are  presently  being  evaluated  for  use 
as  oxygen  carriers  (1,2)  or  temporary  "blood  substitutes,"  due  to  their  exceptional 
gas  transporting  capabilities.  A  concentrated  emulsion,  Oxygent™  HT  (Alliance 
Pharmaceutical  Corp.),  based  on  perflubron  (perfluorooctyl  bromide:  CgFnBr),  is 
being  developed  for  use  during  surgical  procedures  which  use  autologous  blood 
transfusion  techniques  (e.g.,  predonation  and  acute  normovolemic  hemodilution) 
as  a  means  to  reduce  exposure  to  allogeneic  (donor)  blood  (3). 

PFC  emulsions,  like  other  particulates,  have  been  shown  to  occasionally 
cause  delayed  febrile  reactions  when  injected  intravenously  in  certain  species  and 
in  humans  (4).  The  basis  of  this  reaction  is  related  to  the  normal  clearance  of  PFC 
emulsion  particles  from  the  circulation  by  blood  leukocytes  and  phagocytic  cells 
of  the  reticuloendothelial  system  (5).  This  study  was  designed  to  investigate  the 
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influence  of  emulsion  particle  size  on  intravascular  retention  and  the  magnitude  of 
the  delayed  febrile  response.  To  obtain  body  temperature  data  that  was  unaffected 
by  stress-induced  endogenous  responses,  a  sensitive  animal  model  was  developed 
using  radio  telemetry  to  monitor  fully  conscious,  unrestrained  rats. 

MATERIALS  and  METHODS 

Several  high  concentration  (60%  to  90%  w/v  total  PFC)  emulsions  based  on  perflubron 
(perfluorooctyl  bromide  [PFOB])  with  different  mean  particle  sizes  were  required  for  this  study. 
To  produce  these  emulsions,  three  variables  were  manipulated:  (a)  the  total  amount  of  primary 
surfactant  (egg  yolk  phospholipid)  varied  from  1%  to  10%,  (b)  a  second  high  molecular  weight 
lipophilic  PFC  (e.g.  CioF2iBr)  was  added  to  perflubron  to  stabilize  particle  size  (by  suppressing 
Ostwald  ripening  [6]),  and  (c)  different  processing  conditions  (including  pressure,  temperature, 
and  degree  of  homogenization)  were  used.  Emulsion  particle  size  was  measured  by  centrifugal 
field  flow  fractionation  on  a  Horiba  CAPA  700  (7).  Emulsions  were  terminally  sterilized,  were 
pyrogen  free,  and  had  physiological  osmolality  and  pH. 

One  day  prior  to  treatment,  male  Sprague-Dawley  rats  (320  ±  40  g)  were  fitted  with  a 
jugular  catheter  (exteriorized  in  the  dorsal  cervical  region)  for  blood  sampling  and  infusion.  The 
catheter  consisted  of  4  cm  of  silicone  tubing  stretched  over  PESO  polyethylene  Intramedic  tubing 
(Clay  Adams,  B-D,  Rutherford,  NJ),  and  was  primed  with  heparinized  (0.1  lU/mL)  saline.  For 
febrile  response  studies,  rats  were  additionally  fitted  with  a  body  temperature  telemetry  transmitter 
(TA10TA-F40,  Data  Sciences  Inc.,  St.  Paul,  MN)  inserted  into  the  peritoneal  cavity  via  a  2  cm 
midline  abdominal  incision.  Fully  recovered,  instrumented  animals  were  housed  individually  in 
isolation  chambers,  and  had  access  to  food  and  water  ad  libitum.  Following  i.v.  infusion  with 
perflubron  emulsion  (dose  =  2.7  g  PFC/kg),  conscious  rats  were  monitored  continuously  for  body 
temperature  changes  from  -2  hours  (preinfusion)  to  20  hours  post-infusion,  with  the  data  being 
collected  every  5  minutes  using  Dataquest  software.  Data  was  averaged  over  15  minute  intervals 
and  plotted  as  changes  from  the  pretreatment  baseline.  The  emulsion  blood  half-life  (TI/2)  was 
determined  by  collecting  blood  samples  (at  0.5,  1,  3,  and  6  hours  postdosing)  and  assaying  for 
perflubron  levels  by  analytical  gas  chromatography. 

RESULTS 

A  variety  of  perflubron-based  high  concentration  emulsions  were  made 
which  had  mean  particle  diameters  ranging  from  0.05  pm  to  0.63  pm.  By  varying 
only  the  egg  yolk  phospholipid  (EYP)  surfactant  content  (i.e.,  1%,  2%,  4%  and 
10%  w/v),  a  series  of  four  perflubron-based  emulsions  were  made  having  mean 
particle  sizes  of  0.63  pm,  0.31  pm,  0.17  pm  and  0.12  pm,  respectively.  In  Figure  1, 
the  blood  levels  in  rats  for  these  four  emulsion  are  compared.  The  initial  rate  of 
clearance  of  the  emulsion  particles  from  blood  during  the  first  hour  was  clearly 
related  to  particle  size,  whereas  later  clearance  rates  from  1  to  6  hours  were  more 
similar  (i.e.,  based  on  the  slopes  of  the  curves). 

Significant  prolongation  in  blood  half-life  was  observed  for  all  the  smaller 
particle  size  emulsions.  Figure  2  shows  the  significant  differences  in  blood  half- 
life  values  obtained  for  the  emulsions  with  particle  sizes  <0.12  pm  (TI/2  =  6  to  10 
hours)  and  those  ranging  from  0.13  to  0.20  pm  (Ti/^  =  3  to  6  hours),  compared  to 
the  larger  particle  size  (>0.21  pm)  emulsion  formulations  (TI/2  =  1  to  3  hours). 
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FIGURE  1.  Blood  perflubron  levels  in  conscious  rats  following  intravenous  infusion  of 
90%  w/v  PFC  emulsions  at  a  dose  of  3.0  mUkg  (2.7  g  PFC/kg).  Emulsions  varied  only  in 
the  total  amount  of  surfactant.  Blood  was  analyzed  for  perflubron  content  by  analytical 
gas  chromatography.  Data  shown  are  Means  ±  SEM  (n  =  4  rats/group).  Data  shown  are 
Means  ±  SEM. 
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FIGURE  2.  Blood  half-life  of  perflubron-based  emulsions  in  rats  (n  =  3  per  emulsion) 
as  a  function  of  mean  particle  diameter.  Emulsions  (grouped  by  mean  particle  size)  were 
prepared  by  varying  total  PFC  and  surfactant  amounts,  and  the  processing  conditions. 
‘Indicates  a  significant  difference  from  0.05  to  0.12  pm  group,  “indicates  a  significant 
difference  compared  to  other  two  groups.  Data  shown  are  Means  ±  SEM  for  the  number 
of  emulsion  indicated  in  each  bar. 
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FIGURE  3.  Body  temperature  changes  (from  normal  pretreatment  baseline  =  37.5°C) 
in  conscious,  unrestrained  rats  after  injection  of  a  perflubron-based  emulsion  (dose  =  2.7 
g  PFC/kg)  with  a  very  small  particle  size  .  Data  shown  are  Means  ±  SEM  (n  =  4  rats). 


Standard  90%  w/v  perflubron  emulsions  with  mean  particle  diameters  of 
0.2  to  0.3  |Lim  produced  a  delayed  fever  in  this  rat  model  (onset  at  ~2  hours  post 
infusion)  which  peaked  at  1.0  to  1.5°C  above  the  baseline  (~37.5°C)  and  which 
resolved  within  6-8  hours.  These  fevers  could  be  blocked  by  pretreatment  with 
corticosteroids  (e.g.  dexamethasone;  0.2  mg/kg  i.v.  @  -12  and  -2  hours  prior  to 
emulsion  infusion)  or  by  treating  with  a  long-acting  cyclooxygenase  inhibitor 
(e.g.  ibuprofen;  1  mg/kg  i.v.).  As  shown  in  Figures  3  and  4,  the  magnitude  of  the 
febrile  response  was  very  different  for  emulsions  with  extremely  different  particle 
sizes.  There  was  essentially  no  delayed  febrile  response  to  the  0.05  fxm  particle 
emulsion  (Fig.  3),  whereas  the  0.63  ^im  particle  emulsion  produced  a  significant, 
prolonged  febrile  response  (Fig.  4). 

DISCUSSION 

Since  perfluorochemical  (PFC)  emulsions  are  particulate  in  nature,  they 
are  cleared  from  the  circulation  by  blood  leukocytes  and  by  phagocytic  cells  of 
the  reticuloendothelial  system  (RES).  As  part  of  this  normal  clearance,  cells  such 
as  macrophages  can  release  cytokines  which,  in  turn,  could  produce  some  of  the 
flu-like  symptoms  (e.g.,  fever)  which  have  been  observed  in  humans  and  certain 
animal  species  following  intravenous  injection  of  high  concentration  perflubron- 
based  emulsions  (4,5).  The  particle  size  of  PFC  emulsions  could  therefore  be 
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FIGURE  4.  Body  temperature  changes  (from  normal  pretreatment  baseline  =  37.5°C) 
in  conscious,  unrestrained  rats  after  injection  of  a  perflubron-based  emulsion  (dose  =  2.7 
g  PFC/kg)  with  a  very  large  particle  size.  Data  shown  are  Means  ±  SEM  (n  =  4  rats). 
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FIGURE  5.  Comparison  of  the  magnitude  of  temperature  changes  (both  duration  and 
intensity,  quantified  by  the  area  under  the  temperature  curve  [AUC])  seen  in  unrestrained, 
conscious  rats  following  injection  of  perflubron-based  emulsions  (dose  =  2.7  g  PFC/kg) 
having  different  mean  particle  size  ranges.  ‘Indicates  significant  difference  compared  to 
the  small  particle  size  (0.05  to  0.12  pm)  group.  Data  shown  are  Means  ±  SEM  for  the 
number  of  emulsions  indicated  in  each  bar. 
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expected  to  have  an  influence  on  how  readily  the  RES  will  recognize  and  clear 
these  emulsion  particles  from  the  circulation. 

Results  from  this  study  demonstrated  clearly  that  emulsion  blood  half-life 
was  significantly  prolonged  for  those  emulsions  with  smaller  size  particles.  The 
intermediate  particle  size  perflubron-based  emulsions  (0.13  to  0.20  pm  diameters) 
had  blood  half-lives  which  were  >  2-foid  longer  than  larger  particle  size  (>  0.20 
pm)  emulsions,  but  were  only  about  half  as  long  as  the  emulsions  with  very  small 
particles  (<  0.12  pm).  In  addition,  the  magnitude  (i.e.,  intensity  and  duration)  of 
the  delayed  febrile  responses,  quantified  by  the  area  under  the  temperature  curve 
(AUC),  was  affected  by  the  size  of  the  emulsion  particles.  As  shown  in  Figure  5, 
emulsions  with  very  small  particles  (<  0.12  pm)  were  associated  with  significantly 
lesser  febrile  responses  (mean  AUC  <  20)  compared  to  the  fever  responses  (mean 
AUC  >  31)  observed  with  emulsions  having  larger  sized  particles  (>  0.21  pm). 

From  these  data  it  has  been  demonstrated  clearly  that  the  mean  diameter  of 
emulsion  particles  has  a  significant  influence  on  both  the  intravascular  retention 
(i.e.,  blood  half-life)  and  the  magnitude  of  the  febrile  response  characteristically 
observed  following  intravenous  infusion  of  particulate  products.  Since  smaller 
particles  remain  in  the  circulation  longer,  they  must  be  more  effective  at  evading 
clearance  by  the  phagocytic  cells  of  the  RES.  Thus,  the  smaller  particle  size 
emulsion  formulations  could  presumably  be  causing  less  macrophage  stimulation, 
which  could  explain  the  reduced  febrile  responses  observed  with  the  perflubron- 
based  formulations  in  this  study. 
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ABSTRACT 

Prolonged  room  temperature  stability  (i.e.  zero  particle  growth)  can  be  achieved 
for  concentrated  emulsions  of  perflubron  (perfluorooctyl  bromide)  or 
perfluorodecalin  via  addition  of  a  secondary  high  molecular  weight,  lipophilic 
fluorocarbon  component.  Due  to  their  enhanced  lipophilic  character,  the  secondary 
fluorocarbon  components  have  acceptable  half-lives  in  the  organs  of  the 
reticuloendothelial  system. 


INTRODUCTION 

The  primary  mechanism  of  growth  for  small  particle  fluorocarbon  emulsions  is 
Ostwald  ripening,  a  process  which  results  from  the  isothermal  distillation  of 
fluorocarbon  molecules  between  dissimilar  droplets  through  the  continuous  phase 
[1].  The  driving  force  for  the  growth  is  the  small  difference  in  fluorocarbon  water 
solubility  which  exists  between  different  sized  droplets  due  to  differences  in  their 
radius  of  curvature  (Kelvin  effect).  Smaller,  more  highly  curved  droplets  exhibit 
greater  Laplace  pressure,  and  hence  greater  water  solubility,  leading  to  growth  of 
larger  droplets  at  the  expense  of  the  smaller  droplets.  Water  solubility  of 
fluorocarbons  generally  decreases  with  increasing  molecular  weight,  such  that 
emulsions  made  from  high  molecular  weight  fluorocarbons  are  more  stable  than 
those  made  with  low  molecular  weight  fluorocarbons.  The  formulation  of 
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fluorocarbon  emulsions  for  medical  applications  must  also  take  into  account  the 
biocompatibility  of  the  formulation.  Although  fluorocarbon  emulsion  stability 
increases  with  increasing  fluorocarbon  molecular  weight,  so  too  does  the  half-life 
of  the  material  in  the  organs  of  the  reticuloendothelial  system  (RES).  Achieving 
acceptable  emulsion  stability  without  substantially  prolonging  the  RES  half-life  is  a 
dilemma  that  has  confounded  formulators  of  fluorocarbon  emulsions  for  over  25 
years  [2], 

Higuchi  and  Misra  [3]  were  the  first  to  propose  a  method  to  slow  Ostwald 
ripening  in  emulsions.  The  method  involves  the  addition  of  a  high  molecular 
weight,  low  water  solubility  secondary  oil  to  the  disperse  phase.  The  minimally 
water  soluble  oil  reduces  the  total  mixture  solubility.  Upon  storage,  the  high  water 
solubility  component  moves  from  the  smaller  droplets  to  the  larger  ones,  creating  a 
situation  whereby  the  smaller  droplets  are  enriched  in  the  low  water  solubility 
component.  When  the  reduced  solubility  for  the  small  droplets  achieved  via 
addition  of  the  secondary  oil  component  balances  the  Kelvin  effect,  droplet  growth 
ceases. 

Davis  and  Wotton  [4]  and  Meinert  [5]  have  proposed  various  secondary 
fluorocarbons  to  stabilize  fluorocarbon  emulsions.  Unfortunately,  none  of  these 
compounds  have  a  half-life  of  less  than  4  weeks,  the  half-life  deemed  acceptable 
for  single  dose  drugs  in  medical  applications  [6]. 

MATERIALS  AND  METHODS 

Concentrated  emulsions  of  perflubron  (PFOB)  and  perfluorodecalin  (FDC) 
containing  varying  amounts  of  a  high  molecular  weight,  low  water  solubility, 
lipophilic  fluorocarbon,  perfluorodecyl  bromide  (PFDB),  were  manufactured  and 
placed  on  an  accelerated  stability  program  at  40  °C.  All  emulsions  contained  4% 
w/v  egg  yolk  phospholipid  (EYP)  as  the  stabilizing  surfactant.  Changes  in 
emulsion  particle  size  distributions  were  analyzed  by  photosedimentation  (Horiba 
CAPA-700).  Tissue  distributions  of  a  90/10  w/w  PFOB/PFDB  emulsion  were 
monitored  in  male  and  female  Wistar  rats  following  a  single  intravenous 
administration  at  a  dose  of  5.4  g  PFC/kg.  Tissues  (liver,  spleen)  were  collected  at 
3,  7,  14,  28,  and  56  days  postdosing  and  analyzed  for  bromine  content  by  X-ray 
fluorescence  spectroscopy. 
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FIGLTRE  1 .  Total  bromine  in  the  RES  vs.  time  for  rats  following  intravenous 
administration  of  5.4  g  PFC/kg.  The  sample  is  a  90/10  w/w  ratio  of  PFOB/PFDB. 


RESULTS  AND  DISCUSSION 

Half-Life  in  the  RES.  Figure  1  illustrates  the  total  bromine  content  in  the  RES 
(liver  +  spleen)  following  intravenous  infusion  of  a  90/10  w/w  PFOB/PFDB 
emulsion  at  a  dose  of  5.4  g  PFC/kg.  Data  shown  are  the  means  ±  SEM  (n  =  8 
rats).  A  double  exponential  pharmacokinetic  model  (Minsq  II,  MicroMath  Inc.) 
was  used  to  fit  the  data.  The  initial  and  terminal  half-lives  of  bromine  were  5  and 
23  days,  respectively,  presumably  corresponding  to  the  PFOB  and  PFDB 
components. 
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Figure  2  illustrates  the  RES  half-life  as  a  function  of  molecular  weight  for  a 
diverse  series  of  fluorocarbons.  The  small  filled  circles  are  data  from  Yamanouchi 
et  al.  [7].  Also  included  are  specific  emulsion  stabilizers  proposed  to  reduce 
Ostwald  ripening.  These  include  perfluoroperhydrophenanthrene  (FPHP), 
proposed  by  Davis  and  Wotton,  perfluorotripropylamine  (FTP A),  the  stabilizer 
used  in  Fluosol,  and  perfluoromethylcyclohexylpiperidine  (PMCP),  the  stabilizer 
used  in  the  Russian  formulation,  Perftoran.  Also  pictured  (filled  squares)  are 
brominated  fluorocarbons,  including  PFDB. 

It  is  clear  that  there  is  a  direct  correlation  between  RES  half-life  and  molecular 
weight.  Based  on  this  Riess  [6]  was  able  to  define  an  optimal  molecular  weight 
range  for  blood  substitutes  between  460  and  560  g/mol.  The  lower  limit  requires 
that  the  fluorocarbon  vapor  pressure  be  below  20  torr  at  37  °C,  to  ensure  against 
the  formation  of  pulmonary  emboli.  The  upper  value  limits  the  RES  half-life  to  less 
than  four  weeks.  Notable  exceptions  to  the  general  trend  pictured  are  three 
lipophilic  brominated  fluorocarbons.  Due  to  their  increased  lipophilicity,  brought 
about  by  the  presence  of  a  terminal  bromine  atom,  these  molecules  have  much 
shorter  half-lives  than  would  be  predicted  for  their  molecular  weight.  Of  particular 
interest  as  emulsion  stabilizers  are  PFDB  and 

CF3CF2CF20(CF(CF3)CF20)2-CF(CF3)Br  (PPEB)  which  have  molecular 
weights  greater  than  approximately  600  g/mol,  and  hence  would  be  expected  to 
have  limited  water  solubility.  PPEB  has  a  reported  half-life  of  30  days  (K. 
Makarov,  personnel  communication). 

Emulsion  Stabilization.  Figure  3  presents  droplet  growth  as  a  function  of 
storage  time  at  40  °C  for  concentrated  emulsions  (90%  w/v  total  fluorcarbon) 
containing  pure  PFOB  or  FDC,  and  mixtures  with  10%  w/w  PFDB  added.  It  is 
clear  that  addition  of  10%  w/w  PFDB  has  a  profound  effect  on  emulsion  stability. 
Whereas,  control  emulsions  of  FDC  and  PFOB  have  a  particle  size  of  ca.  0.5  p-m 
after  3  months,  emulsions  containing  10%  PFDB  have  sizes  only  slightly  greater 
than  their  initial  diameters,  ca.  0.25  pm. 

The  effect  of  additive  concentration  on  particle  size  distributions  of 
concentrated  PFOB  emulsions  (90%  w/v  total  fluorocarbon,  4%  w/v  egg  yolk 
phospholipid)  is  also  depicted  in  Table  I.  Emulsions  containing  added  PFDB  have 
improved  initial  particle  size  distributions  (following  terminal  sterilization).  This  is 
evidenced  by  improvements  in  median  diameter,  the  width  of  the  distribution  (as 
noted  by  the  standard  deviation),  and  the  percentage  of  large  particles. 
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FIGURE  2.  RES  half-life  vs.  fluorocarbon  molecular  weight  for  a  series  of  diverse 
fluorocarbons.  Lipophilic  fluorocarbons  are  observed  to  have  shorter  half-lives 
than  would  be  predicted  for  their  molecular  weight. 


With  respect  to  the  number  of  large  droplets  (>  0.5  pm),  it  is  clear  that  their 
percentage  decreases  dramatically  for  emulsions  containing  PFDB,  especially  after 
three  months  of  storage  at  40  °C.  Whereas  a  control  emulsion  containing  90% 
w/v  PFOB  has  ca.  50%  of  its  droplets  greater  than  0,5  pm  after  3  months  at  40  °C, 
an  emulsion  containing  5%  w/w  added  PFDB  has  less  than  10%. 

Figure  4  illustrates  the  effect  of  PFDB  concentration  on  emulsion  growth  rates 
for  concentrated  PFOB  emulsions.  The  rate  of  particle  growth  (designated  as  "S" 
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FIGURE  3.  Median  diameter  vs.  time  for  a  series  of  concentrated  (90%  w/v) 
perfluorocarbon  emulsions.  The  addition  of  10%  w/w  PFDB  to  PFOB  and  FDC 
dramatically  increases  droplet  stability.  Squares  and  diamonds  represent  emulsions 
containing  PFOB  and  FDC  as  the  primary  fluorocarbon  respectively.  Filled 
symbols  represent  control  samples  while  the  open  symbols  represent  samples  with 
10%  w/w  added  PFDB. 

TABLE  I.  Effect  of  additive  concentration  on  particle  size  distributions  of 
concentrated  perflubron  emulsions  (90%  w/v  total  fluorocarbon,  4%  w/v  egg  yolk 
phospholipid) 


Property 

0%  PFDB 

Sample 
1%  PFDB 

2%  PFDB 

5%  PFDB 

median  diameter  (pm) 

0.23 

initial 

0.23 

0.19 

0.18 

standard  deviation  (pm) 

0.13 

0.12 

0.09 

0.08 

%  >  0.5  pm 

6.3 

5.2 

2.4 

1.4 

median  diameter  (pm) 

0.39 

t  -  1  month  at  40 

0.29 

0.23 

0.20 

standard  deviation  (pm) 

0.19 

0.16 

0.12 

0.10 

%  >  0.5  pm 

31.5 

16.2 

5.5 

2.2 

median  diameter  (pm) 

0.49 

t  =2  months  at  40 

0.37 

0.26 

0.24 

standard  deviation  (pm) 

0.20 

0.19 

0.14 

0.13 

%>  0.5  pm 

48.0 

16.2 

9.2 

5.3 

median  diameter  (pm) 

0.52 

r  =  J  months  at  40 

0.37 

0.32 

0.28 

standard  deviation  (pm) 

0.23 

0.18 

0.17 

0.14 

%>0.5  pm 

52.3 

27.3 

16.9 

9.2 

SxlOOO  (pm^/mo) 

44.4 

14.2 

8.3 

5.4 
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PFDB  concentration  (%  w/w) 

FIGURE  4.  Growth  rate  vs.  PFDB  concentration  in  PFOB/PFDB  mixtures.  No 
droplet  growth  is  observed  for  emulsions  containing  higher  percentages  of  PFDB, 
indicating  that  room  temperature  stability  is  achievable. 


in  units  of  pm^/mo)  can  be  quantitated  from  linear  plots  of  the  diameter  cubed  vs. 
time.  It  is  clear  that  at  a  storage  temperature  of  40  °C  the  growth  rate  begins  to 
slow  at  concentrations  as  low  as  5%  w/w  PFDB.  At  concentrations  of  30%  w/w 
PFDB  no  growth  occurs  at  40  °C  over  a  3  month  period.  Thus,  extended  room 
temperature  stability  is  achievable  with  these  formulations. 

CONCLUSIONS 

PFDB  and  other  lipophilic  fluorocarbons  have  RES  half-lives  much  shorter  than 
would  be  predicted  by  their  molecular  weight.  This  in  combination  with  their 
reduced  water  solubility  makes  them  well-suited  as  stabilizers  to  suppress  Ostwald 
ripening  in  fluorocarbon  emulsions  destined  as  blood  substitutes. 

Although  PFDB  has  been  used  as  an  example  throughout  this  paper,  it  is  readily 
apparent  that  any  high  molecular  weight  lipophilic  fluorocarbon  would  suffice.  For 
example,  other  halogenated  or  polyhalogenated  fluorocarbons  including 
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brominated  ethers,  or  iodinated  fluorocarbons  may  also  work.  Fluorocarbons 
terminated  by  short  hydrocarbon  fragments  (e  g.  C10F21C2H5  or  CioF2iCH=CH2) 
may  also  be  anticipated  to  have  acceptable  RES  half-lives  and  promote  enhanced 
emulsion  stability. 
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ABSTRACT:  The  use  of  a  surfactant  system  consisting  in  equimolar  amounts  of  egg 
yolk  phospholipids  and  of  a  mixed  fluorocarbon/hydrocarbon  amphiphile 
(C8Hi7CH=CHC8Fi7)  allows  the  preparation  of  concentrated  (90%  w/v,  i.e.  47%  v/v) 
emulsions  of  perfluorooctyl  bromide  (perflubron),  with  average  particle  sizes  ranging 
from  0.12  to  16  |im  post-sterilization,  depending  on  the  surfactant/fluorocarbon  ratio. 
Emulsion  droplet  diameters  varied  linearly  as  a  function  of  the  emulsifier’s 
concentration,  thus  allowing  easy  pre-determination  of  the  emulsion's  average  particle 
size.  Excellent  stability  was  observed  for  the  dowel-containing  emulsions  for  at  least  6 
months  at  40°C  over  the  whole  domain  of  particle  sizes  investigated. 

Introduction 

Oxygen-carrying  fluorocarbon  emulsions  are  being  developed  for  a  wide  range  of 
therapeutic  applications  [1,2].  Recent  advances  in  the  field  brought  to  the  foreground 
the  need  for  fluorocarbon  emulsions  with  physico-chemical  and  biological 
characteristics,  including  droplet  sizes,  that  are  more  closely  adapted  to  specific 
demands.  Such  flexibility  is  indeed  required  for  the  development  of  a  third  generation  of 
fluorocarbon  emulsions  tailor-made  for  individual  applications.  A  basic  requirement  is 
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that  these  emulsions  display  a  shelf  life  compatible  with  transportation  and  long-term 
storage. 

A  major  advance  in  terms  of  fluorocarbon  emulsion  stabilization  has  recently  been 
achieved  with  the  use  of  an  emulsifying  system  consisting  of  an  equimolar  association 
of  egg  yolk  phospholipids  (EYP)  with  a  mixed  fluorocarbon/hydrocarbon  amphiphile 
[3-5].  The  latter  plays  the  role  of  a  molecular  dowel  between  the  phospholipids’  fatty 
acid  chain  layer  and  the  fluorocarbon  droplet,  thus  improving  the  cohesion  between  the 
surfactant  film  and  the  fluorocarbon. 

Our  objective  was  to  design  and  prepare  efficacious,  i.e.  concentrated 
fluorocarbon  emulsions  which  could  be  adjusted  to  have  a  wide  range  of  particle  sizes. 
These  emulsions  had  also  to  be  stable  enough  to  retain  their  pre-selected  size 
characteristics  upon  storage  and  transportation.  It  has  been  shown  previously  that  the 
emulsions'  stability  depends  on  the  phospholipids/fluorocarbon  ratio  [6]  and,  more 
recently,  that  the  method  used  for  dispersing  the  phospholipids  in  the  aqueous  phase 
also  has  a  determinant  effect  on  stability  [7]. 

We  now  report  the  possibility  of  preparing  stable  concentrated  (90%  w/v,  47% 
v/v)  and  narrowly  distributed  emulsions  of  perfluorooctyl  bromide  (perflubron)  with 
average  particle  sizes  ranging  from  0.12  to  16  |am,  post-sterilization,  depending  on  the 
amount  of  phospholipids  and  dowels  used.  Stability  was  assessed  by  means  of  particle 
size  monitoring  during  accelerated  ageing  at  40°C  for  emulsions  prepared  both  with  and 
without  the  dowel  molecule  over  the  course  of  6  months.  The  variation  of  the  average 
droplet  diameter  in  the  dowel-stabilized  emulsions  as  a  function  of  the  emulsifier's 
concentration  was  compared  to  the  expected  variation  calculated  on  the  basis  of  the 
phospholipid's  molecular  weight,  its  mean  surface  area  occupied  per  molecule  and  the 
volume  fraction  of  the  fluorocarbon. 

Materials  and  methods 

Perfluorooctyl  bromide  (CsFnBr,  perflubron)  was  supplied  by  Hoescht 
(Germany).  The  dowel  molecule  used,  CgH lyCH^CHCgFn  (FgHgE),  was 
synthesized  and  purified  in  the  Laboratory  (98%  purity,  by  GC)  according  to  [8]. 
Injectable-grade  egg  yolk  phospholipids  (EYP,  Lipoid  80)  came  from  Lipoid  KG 
(Germany). 

The  ingredients  (see  formulations  below)  were  premixed  using  an  Ultra-Turrax 
mixer  model  T25  (Ika-Labortechnik,  Germany).  Emulsification  was  achieved  with  a 
Microfluidizer  model  MHO  (Microfluidics  Corp.  USA)  fitted  with  a  stainless  steel 
cooling  coil  (diameter  0.12  in,  length  Im),  or  with  a  Rannie  Mini-Lab  type  8.30H  (APV 
Rannie,  Denmark)  using  the  ceramic  cylinder  configuration.  Sterilization  was  achieved 


IMPROVED  CONTROL  OVER  FLUOROCARBON  EMULSIONS 


1185 


under  standard  conditions  (15  min,  121®C,  15  psi).  The  emulsions  were  then  bottled  in 
15  mL-size  vials,  filled  with  argon  and  stored  at  40°C  for  6  months. 

Average  paiticle  sizes  and  particle  size  distribution  histograms  were  measured  by 
photosedimentation  (Horiba  analyzer,  model  Capa-700,  Japan)  after  preparation 
(±10%),  after  sterilization  (±10%)  and  at  regular  intervals  of  time  during  ageing  (±5%). 
It  has  been  shown  [6,9]  that  fluorocarbon/EYP  emulsions  generally  contain  a 
population  of  fluorocarbon-empty  EYP  vesicles  in  addition  to  the  EYP-coated 
fluorocarbon  droplets.  Consequently,  the  average  diameter  of  the  fluorocarbon  droplets 
measured  by  the  photosedimentation  technique  was  corrected  by  subtracting  the 
contribution  corresponding  to  these  EYP  vesicles  [6]. 

Preparation  of  emulsions  with  particle  sizes  lower  than  1  pm 

The  amount  of  phospholipids  needed  to  obtain  emulsions  with  particle  sizes  lower 
than  1  pm  ranged  from  ca  0.4  to  8%  w/v.  All  these  emulsions  were  obtained  using  a 
Microfluidizer.  The  processing  conditions  are  described  below  for  a  typical  example  : 
the  CsFiyBr/EYP/FgHgE  (90/4/2.9%  w/v)  emulsion.  The  Rannie  homogenizer  can  also 
be  used  for  the  preparation  of  such  fine  emulsions;  slightly  larger  average  particle  sizes 
and  broader  distributions  are,  however,  obtained. 

Preparation  of  a  CgFiyBr/EYP/FgHgE  90/4/2.89%  w/v  emulsion  (100  mL-size 
batch)  ;  EYP  (4g)  was  dispersed  for  1  min  under  argon  in  47.3  mL  of  a  buffered 
aqueous  solution  (Na2HP04.  H2O:  0.355%  w/v,  NaH2P04.  7  H2O  :  0.052%  w/v) 
with  the  Ultra-Turrax  mixer  at  8000  rpm,  under  argon,  in  a  thermoregulated  bath  at 
15°C.  FgHgE  (2.89g)  was  added  in  1  min  into  the  stirred  phospholipid  dispersion. 
Perflubron  (90g.  46.9  mL)  was  added  dropwise  (20  mL/min)  to  the  mixture,  after 
which  the  mixing  rate  was  increased  to  24000  rpm  for  10  min.  The  coarse  premix  was 
then  run  througii  the  Microfluidizer  and  cycled  12  times  through  the  interaction 
chambers  under  a  pressure  of  12000  psi,  while  the  cooling  bath  was  maintained  at  30- 
35°C.  The  pH  was  measured  to  be  7.60  ±  0.05  before  sterilization  and  7.40  ±  0.05  after 
sterilization.  All  the  operations  were  performed  under  argon  to  assure  oxygen 
exclusion. 

Reference  emulsions  which  do  not  contain  the  dowel  molecule  were  prepared 
using  the  same  procedure. 

Preparation  of  emulsions  with  particles  ranging  from  ca  I  to  16  pm 

The  preparation  of  stable  emulsions  with  average  particle  sizes  larger  than  1  |im 
was  difficult  with  the  Microfluidizer,  as  plugging  of  the  interaction  chambers  occured 
frequently.  This  inconvenience  was  not  experienced  with  high  pressure  homogenization 
using  the  Rannie  Mini-Lab  device.  A  typical  procedure  is  detailed  below. 
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Preparation  of  a  CsFnBr/EYP/FgHgE  90/0.40/0.29%  w/v  emulsion  (100  mL-size 
batch)  :  EYP  (0.40g),  the  above  described  buffered  solution  (52.7g),  FgHgE  (0.29g), 
and  perflubron  (90g)  were  premixed  as  described  above,  under  argon,  at  15°C.  The 
mixing  rate  was  set  at  8000  rpm,  instead  of  24000  rpm,  for  the  last  10  minutes  of 
premixing.  The  resulting  premix  was  then  run  through  the  Rannie  homogenizer  for  3 
min  at  4000  psi  under  argon.  The  pH  was  measured  to  be  7.40  ±  0.05  before 
sterilization  and  7.20  ±  0.05  after  sterilization. 

The  reference  emulsions,  which  do  not  contain  the  dowel  molecule,  were  prepared 
in  the  same  way. 


Results  and  discussion 

Preparation  and  stability  characteristics  of  fluorocarbon  emulsions  with  differently  sized 
particles. 

The  preparation  of  a  series  of  concentrated  (90%  w/v,  47%  v/v)  emulsions  of 
perfluorooctyl  bromide  was  achieved  using  equimolar  mixtures  of  phospholipids 
(concentrations  ranging  from  0.05  to  8%  w/v)  and  of  the  dowel  molecule 
CgHnCH^CHCsFiy  (FgHgE,  from  0.036  to  5.8%  w/v).  These  emulsions  were  heat- 
sterilized  under  standard  conditions.  A  second  series  of  emulsions,  using  phospholipids 
as  the  sole  emulsifier  in  concentrations  ranging  from  0.05  to  8%  w/v,  were  prepared 
and  heat-sterilized  under  the  same  conditions. 

Table  I  displays  the  average  particle  sizes,  measured  for  the  sterilized  emulsions 
prepared  both  with  and  without  the  dowel  molecule,  for  a  series  of  formulations.  It  can 
be  seen  that  the  average  particle  size  is  essentially  determined  by  the  amount  of 
surfactant.  Droplet  sizes  increase,  as  expected,  as  the  amount  of  surfactant  diminishes. 

The  difference  between  the  two  series  of  emulsions  is  apparent  when  their  stability 
is  examined.  The  preparation  of  emulsions  with  average  particle  sizes  larger  than  3.4 
|am  (EYP  0.2%)  was  found  to  be  impossible  with  phospholipids  alone:  the  emulsions 
obtained  with  percentages  of  EYP  lower  than  0.2%  undergo  phase  separation  within 
minutes.  On  the  other  hand,  the  use  of  the  molecular  dowel  allows  the  preparation  of 
emulsions  with  very  large  average  particle  sizes  (up  to  16  |um)  using  EYP 
concentrations  as  low  as  0.05%  w/v.  These  emulsions  are  stable  enough  to  allow  their 
heat-sterilization  under  standard  conditions.  This  result  is  consistent  with  the  fact  that 
mixed  fluorocarbon/hydrocarbon  dowels  are  held  in  the  phospholipid  membrane  and 
reinforce  its  cohesion  with  the  fluorocarbon  phase. 
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TABLE  I :  Average  particle  sizes  of  freshly  sterilized  perflubron  emulsions  (90%  w/v, 
47%  v/v)  stabilized  by  egg  yolk  phospholipids  alone  or  by  an  equimolar  mixture  of 
phospholipids  and  the  mixed  fluorocarbon/hydrocarbon  amphiphile  F8H8E. 


EYP 

(%w/v) 

F8H8E 

(%w/v) 

Emulsions  based 

on  EYP  alone 
av,  particle  size 
fLim  ±10%1 

Emulsions  based 
on  EYP/F8H8E 
av.  particle  size 
(|im±10%) 

8 

18 

0.12 

0.12 

4 

2.89 

0.19 

0.17 

2 

1.45 

0.25 

0.25 

1 

0.72 

0.36 

0.36 

0.7 

0.51 

0.56 

0.54 

0.4 

0.29 

1.22 

1.12 

0.3 

0.22 

2.2 

1.9 

0.2 

0,14 

3.4 

2.9 

0.17 

0.12 

-  * 

4.0 

0.15 

0.11 

_  * 

4.5 

0.1 

0.072 

_  * 

5.2 

0.07 

0.051 

-  * 

9.9 

0.05 

0.036 

-  * 

16 

*  The  emulsions  undergo  phase  separation  within  a  few  minutes. 


Linear  variation  of  emulsion  droplet  sizes  as  a  function  of  surfactant  concentration. 

The  experimentally  measured  average  droplet  diameters  have  been  plotted  on  a 
log-log  chart  as  a  function  of  the  inverse  of  phospholipid  concentration  for  the  dowel- 
containing  emulsions  after  an  initial  annealing  period  of  20  days  (Fig.  1).  Some  typical 
size  distribution  histograms,  measured  after  the  equilibration  period,  are  inserted  in 
Figure  1.  After  this  period  of  equilibration,  which  is  a  well-known  phenomenon  in 
liposome  and  emulsion  technology,  the  emulsions  stabilized  by  the  molecular  dowels 
were  found  to  be  stable  over  the  course  of  several  months  over  the  whole  range  of  sizes 
investigated  (see  below). 

A  linear  variation  of  average  droplet  size  as  a  function  of  surfactant  concentration 
has  been  observed.  This  allows  a  pre-determination  of  the  amount  of  surfactant  needed 
to  obtain  a  certain  average  droplet  size.  This  ability  is  of  clear  value  in  research 
involving  special  requirements  in  terms  of  emulsion's  characteristics. 

The  theoretical  amount  of  phospholipids  necessary  to  emulsify  a  given  volume  of 
fluorocarbon  to  yield  a  given  droplet  radius  can  be  calculated,  assuming  that  the 
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time  (days) 

FIGURE  2:  Ageing  of  a  concentrated  (90%  w/v)  perflubron  emulsion  prepared  with  a) 
phospholipids  alone  (2%  w/v and  b)  an  equimolar  EYP/F8H8E  mixture  (2/1.45%  w/v) 


FIGURE  3:  Ageing  of  concentrated  (90%  w/v)  perflubron  emulsions  prepared  with  a) 
EYP  alone  (0.2%  w/v)  and  b)  and  c)  two  different  EYP/F8H8E  mixtures  (b:  0.2/0.14% 
w/v;  c;  0.1/0.07%  w/v).  No  stable  emulsion  could  be  prepared  with  only  0.1%  of  EYP. 


fluorocarbon  droplets  are  surrounded  by  a  monolayer  of  phospholipids.  This  theoretical 
concentration  of  EYP  is  a  linear  function  of  the  inverse  of  the  droplet  radius  (r) : 

[EYP]  =  C/r,  where  C  is  a  constant  which  includes  the  average  molecular  weight  of  the 
phospholipids  {ca  760),  the  mean  surface  area  occupied  by  a  phospholipid  molecule  {ca 
50  A)  and  the  volume  fraction  of  fluorocarbon  (47%  v/v).  Figure  1  shows  that  a  good 
agreement  is  observed  between  the  calculated  and  experimental  results. 
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Emulsions  stability  upon  ageing 

The  perfluorooctyl  bromide  emulsions  containing  from  0.05  to  8%  w/v  EYP  and 
the  molecular  dowel,  as  well  as  the  reference  emulsions  containing  EYP  alone,  were 
stored  for  stability  studies  at  40°C  for  a  period  of  6  months.  For  the  domain  of  droplet 
sizes  ranging  from  ca  0.1  to  1  |J.m  the  dowel-based  emulsions  are  considerably  more 
stable  than  the  reference  emulsions.  In  the  typical  example  shown  in  Figure  2  there  is  no 
significant  variation  in  average  sizes  during  the  six-months  period  after  the  initial 
annealing  period.  Under  the  same  conditions,  the  reference  emulsions  prepared  without 
the  dowel-molecule  undergo  a  two-fold  increase  in  particle  sizes. 

For  emulsions  with  particle  sizes  larger  than  1  ^m,  neither  the  emulsions 
prepared  with  the  dowel  molecule  nor  those  prepared  without,  show  any  significant 
variation  of  their  average  particle  size  (Fig.  3). 

For  EYP-based  emulsions,  as  particle  sizes  become  larger,  the  rate  of  particle  size 
increase  during  ageing  progressively  slows  down.  This  is  in  agreement  with  the 
generally  accepte  .1  emulsion  coarsening  mechanism,  i.e.  molecular  diffusion  or  Ostwald 
ripening,  according  to  which  the  rate  of  increase  is  proportional  to  the  size  of  the 
fluorocarbon  droplet:  molecular  diffusion  becomes  negligible  when  particles  are  larger 
than  ca  1  jim.  The  fact  that  the  incorporation  of  minute  amounts  of  the  dowel  molecule 
allows  the  preparation  of  stable  emulsions  with  very  large  particle  sizes,  i.e.  emulsions 
in  which  molecular  diffusion  is  no  longer  an  effective  emulsion  degradation  mechanism, 
infers  that  the  dowel  molecule  is  present  as  a  co-surfactant  in  the  lipid  membrane  rather 
than  dispersed  throughout  the  fluorocarbon  phase  [10]. 
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ABSTRACT 

To  investigate  the  biodistribution,  possible  metabolism  and  excretion  of  mixed 
fluorocarbon-hydrocarbon  "dowel"  molecules  used  as  stabilizers  of  fluorocarbon 
emulsions,  we  have  prepared  a  25%  w/v  emulsion  of  such  a  molecule,  and 
quantitatively  evaluated,  by  means  of  NMR,  its  behavior  in  the  blood  and 
reticuloendothelial  system  (RES)  of  rats.  C6Fi3CH=CHCioH2i  (F6H10E)  was 
emulsified  using  egg  yolk  phospholipids  (EYP).  The  emulsion  (F6H10E/EYP  : 
25/6  %w/v)  was  injected  intravenously  into  33  Sprague  Dawley  female  rats  at  a  3.6 
g/kg  body  weight  dose  of  F6H10E.  The  animals  were  sacrificed  at  regular  intervals 
of  time.  24  hours  after  the  injection,  70%  of  the  injected  dose  was  located  in  the 
liver,  17  %  in  the  spleen,  4  %  in  the  lungs,  2  %  in  the  kidneys  and  2  %  in  the 
blood.  The  half-time  retention  of  the  dowel  molecule  in  the  liver  was  estimated  to 
be  25  +  5  days.  None  of  the  33  treated  animals  died  prior  to  the  planned  sacrifice 
date.  The  dowel  molecule  F6H10E  proved  to  be  well  tolerated,  and  excreted 
reasonably  fast,  without  metabolism.  This  appears  to  warrant  the  use  of  such 
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molecules  as  stabilizers  in  injectable  fluorocarbon  emulsions  destined  to  serve  as 
oxygen  carriers,  contrast  agents  or  drug  delivery  systems. 

INTRODUCTION 

The  development  of  fluorocarbon-based  oxygen  carriers  has  experienced 
decisive  progress  over  the  past  few  years  [1-3].  Fluosol®  (Green  Cross  Corp., 
Osaka,  Japan)  has  been  approved  for  use  during  percutaneous  transluminal 
coronary  angioplasty  for  high  risks  patients.  Second  generation  of  emulsions,  such 
as  Oxygent™  (Alliance  Pharmaceutical  Corp.  San  Diego,  USA),  which  are  four  to 
five  times  more  concentrated,  have  considerably  improved  the  02-delivery  efficacy 
of  the  emulsions  [4,  5].  The  latter  emulsions  are  also  much  more  stable  ;  contrary 
to  Fluosol,  they  are  ready  to  use  and  can  be  stored  unfrozen.  Further  efforts  are 
being  devoted  to  developing  emulsions  with  long  term  room  temperature  stability 
in  order  to  fully  exploit  the  therapeutic  benefits  of  fluorocarbons. 

Remarkable  stabilization  of  concentrated  (90%  by  weight,  47%  by  volume) 
fluorocarbon  emulsions  formulated  with  egg-yolk  phospholipids  (EYP)  has  been 
achieved  by  adding  small  amounts  (typically  0.1  to  3%  by  weight)  of  a  mixed 
fluorocarbon-hydrocarbon  RfRh  amphiphile  such  as  C6Fi3CH=CHCioH2i 
(F6H10E).  These  mixed  fluorocarbon/hydrocarbon  amphiphiles  act  as  molecular 
"dowels"  to  reinforce  the  binding  between  the  fluorocarbon  droplets  and  the  lipidic 
EYP  membrane  which  surrounds  them.  The  incorporation  of  such  a  RfRh  dowel 
molecule  to  90%  w/v  concentrated  emulsions  of  perfluorooctyl  bromide,  C8Fi7Br 
(perflubron)  or  of  bis(F-butyl)ethene,  C4F9CH=CHC4F9  (F-44E)  was  shown  to 
result  in  easier  emulsification,  smaller  initial  median  droplet  sizes,  narrower  particle 
size  distributions  and  close  to  complete  suppression  of  particle  growth  at  room 
temperature  or  even  at  40°C.  Similar  stabilization  effects  have  been  obtained  with 
saturated  dowel  molecules  such  as  C6F13C10H21  (F6H10)  [6,  7]. 

In  order  to  evaluate  the  distribution  in  the  organs  and  the  excretion  rate  of  a 
typical  mixed  fluorocarbon-hydrocarbon  compound,  F6H10E  was  formulated  as  a 
25%  (w/v)  emulsion  with  EYP  (6%  w/v)  as  the  emulsifier.  The  latter  was  used 
because  of  its  wide  acceptance  in  pharmaceuticals,  including  concentrated 
fluorocarbon  emulsions,  liposomes  and  lipid  emulsions  for  parenteral  nutrition 
[1,2,8].  This  F6H10E  emulsion  was  injected  intravenously  into  female  rats  at  a  3.6 
g/Kg  body  weight  dose.  Such  a  dose  represents  ca  600  times  the  amount  needed  to 
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stabilize  a  clinically  relevant  dose  of  a  concentrated  fluorocarbon  emulsion  with 
small  {ca  0.2  ^.m)  particles  sizes  [7]. 

We  describe  herein  the  distribution  of  the  typical  "dowel"  molecule 
F6H10E  in  the  organs  as  determined  by  NMR  spectroscopy  at  various  time 
points.  This  technique  has  already  been  successfully  used  for  analyzing  biological 
samples  for  exogeneous  fluorinated  compounds  [9-11]. 

MATERIALS  AND  METHODS 

F6H10E  was  prepared  according  to  the  literature  [12].  Its  purity  (>  99  %) 
was  checked  by  gas  chromatography.  Final  purification,  prior  to  use,  included  :  (i) 
washing  with  10%  w/v  KOH  and  water  for  injection,  followed  by  filtration  over 
Whatman  N°1  SP  filter  paper,  and  (ii)  treatment  with  activated  carbon  (neutralized 
Sigma  C-5385  ;  lg/100  ml  of  product)  and  filtration  over  a  short  AI2O3  (70-230 
mesh,  Merck  Inc.)  column.  EYP  came  from  Asahi. 

Emulsion  :  A  25  %  w/v  F6H10E  emulsion  was  prepared  as  follows  : 

EYP  (19.8g)  was  added  under  argon  to  an  isotonic  phophate  buffer  solution.  The 
mixture  was  dispersed  with  an  Ultra  Tumax  mixer  at  8000  rpm  for  60s.  F6H10E 
(82.8  g)  was  then  added  at  a  rate  of  ~  20  ml/min.  The  rate  of  mixing  was  then 
increased  to  14000  rpm  for  an  additional  20  min.  The  resulting  premix  was 
emulsified  with  a  microfluidizer  (llOM,  12  passes,  10,000  psi,  Ar  atmosphere, 
25-30°C).  The  emulsion  was  then  sterilized  in  12  ml  vials  (121°,  15  min,  15  psi). 
Emulsion  particle  size  was  assessed  by  photosedimentation  (Horiba  capa  700). 

Animals  :  OFA  Sprague  Dawley  female  rats  (~  200  g)  were  anesthesized  and 
injected  via  the  jugular  vein  with  a  15  ml/kg  of  F6H10E  emulsion  (3.6  g/kg  bw  of 
neat  F6H10E)  at  a  rate  of  1  ml/min.  The  animals  were  sacrificed  at  2, 4,  8, 24  and 
48  hours,  4,  10,  15  and  21  days,  1,  2.5,  3  and  4  months  (3  animals  per  point). 
Blood  and  organs  were  removed,  weighed  and  frozen  immediately.  Comparison 
was  made  with  a  series  of  control  animal  who  received  the  same  dose  of 
physiological  water. 

NMR  measurements  :  Known  quantities  of  organ  and  water  were  ground 
using  an  Ultra  Turrax  mixer  at  20°C.  A  sample  (0.25  ml)  of  this  mixture  was  added 
to  0.25  ml  of  a  CF3CH2OH  solution  of  known  concentration  used  as  an  internal 
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FIGURE  1  :  Comparison  between  the  growth  of  the  animals  which  had  received 
F6H10E  emulsion  (15  ml/kg  bw,  n=3)  and  the  controls  (15  ml/kg  bw  of  0.9  % 
NaCl,  n=3) 


standard.  The  5  mm  NMR  tube  was  vortexed  for  1  min  and  ^^F  spectra  recorded 
immediately.  The  ^^F  NMR  measurements  were  conducted  at  188.3  MHz  (Bruker 
A-200  spectrometer).  CF3CH2OH  was  used  as  an  internal  standard  (-77ppm 
upfield  from  CFCI3) ;  the  assay  consisted  of  integrating  the  surface  areas  covered 
by  the  terminal  CF3  signals  of  the  internal  standard  and  of  the  F6H10E.  The 
percentage  of  F6H10E  remaining  in  the  organs  was  thus  determined  (±  10  %). 

RESULTS  AND  DISCUSSION 

Long  term  growth  of  the  animals  who  received  the  F6H10E  emulsion  was 
comparable  to  that  of  the  control.  However,  a  loss  of  weight  (<  10  %)  was  noted 
during  the  first  few  days  after  the  experimental  injection  (Figure  1). 

NMR  allowed  the  determination  of  the  biodistribution  and  of  the  rate  of 
elimination  of  the  dowel  molecule.  It  also  indicated  the  absence  of  F6H10E 
metabolites  in  the  analyzed  organs  (limit  of  detection,  10"^  M)  (Figure  2). 

Most  of  the  injected  F6H10E  emulsion  was  taken  up  by  the  liver  and 
spleen,  70  %  and  17  %  respectively  after  24h.  These  results  are  in  line  with  the 
usual  elimination  behavior  of  emulsified  fluorocarbon  [12-13].  A  minimal  quantity 
of  material  was  found  in  the  lungs  and  kidneys  (4  and  2  %  after  24h,  respectively) 
(Figure  3).  The  half-life  of  F6H10E  in  the  liver  was  estimated  to  25  +  5  days. 
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19F  NMR  CF3 


FIGURE  2  :  A  typical  NMR  spectra  of  F6H10E  a)  in  a  F6H10E  emulsion 
before  administration  b)  in  homogeneized  rat  liver  15  days  after  its  administration 


FIGURE  3  :  F6H10E  concentration  in  the  animals'organs  (liver  A  ,  spleen 
lungs  ■  ,  kidneys  •  )  as  a  function  of  time. 
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In  conclusion,  the  dowel  molecule  investigated  appears  to  be  well  tolerated 
in  high  doses,  excreted  reasonably  rapidly,  and  metabolically  inert.  These  findings, 
combined  with  the  remarkable  stabilization  these  compounds  confer  on 
fluorocarbon  emulsions,  offer  much  promise  for  their  utilization  in  future 
fluorocarbon  emulsion  formulations.  The  absence  of  metabolism  should  greatly 
simplify  their  pharmacology/toxicology  evaluation. 
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PULMONARY  GAS  TRAPPING  DIFFERENCES  AMONG  ANIMAL 
SPECIES  IN  RESPONSE  TO  INTRAVENOUS  INFUSION  OF 
PERFLUOROCARBON  EMULSIONS 

T.  Leakakos,  E.G.  Schutt,  J.C.  Cavin,  D.  Smith,  J.D.  Bradley,  C.A.  Stmat, 
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D.H.  Klein,  and  S.F.  Flaim 
Alliance  Pharmaceutical  Corp.,  San  Diego,  CA  92121 

ABSTRACT 

In  animals,  increased  lung  volume  and  a  concomitant  failure  of  lungs  to  collapse 
normally  upon  autopsy  can  occur  following  intravenous  injection  of  higher  vapor  pressure 
perfluorocarbons  (PFCs)  administered  as  emulsions.  Responses  vary  considerably 
depending  on  the  PFC,  dose  and  animal  model.  The  study  objective  was  to  examine 
animal  species  differences  with  respect  to  this  apparent  pulmonary  gas  trapping  (PGT) 
phenomenon  which  has  not  been  observed  in  human  clinical  trials.  A  dose-ielated  increase 
in  postmortem  lung  volume  following  treatment  with  either  a  concentrated  perflubron 
emulsion  or  Fluosol®  was  observed.  It  was  most  pronounced  in  pigs,  rabbits  and 
monkeys,  and  essentially  nonexistent  in  mice  and  dogs.  No  clear  effects  on  arterial  blood 
gases  were  seen  in  most  species,  but  Pa02  levels  were  reduced  transiently  in  monkeys 

given  the  highest  PFC  doses.  Reversibility  of  pulmonary  effects  occurred  more  rapidly 
with  perflubron  emulsions  than  with  Fluosol.  Vacuolated  mononuclear  cells,  reflecting  the 
presence  of  PFC  particles  in  the  lung,  and  alveolar  distention  varied  between  species,  but 
no  lesions  or  edema  were  observed.  Species  differences  in  collateral  ventilation,  airway 
morphology  and  pulmonary  intravascular  macrophages  may  influence  their  sensitivity  and 
contribute  to  the  interspecies  differences  in  response  to  intravenously  administered  PFC 
emulsions. 


INTRODUCTION 

The  objective  of  these  studies  was  to  examine  pulmonary  effects  in  different  animal 
species  following  intravenous  (i.v.)  administration  of  PFC  emulsions.  Equivalent  doses  of 
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two  different  PFC  emulsions  were  used.  A  perflubron  emulsion  (90%  w/v  perfluorooctyl 
bromide)  was  studied  whose  therapeutic  value  includes  imaging  and  oxygen  carrying 
abilities  [1,2,3].  Also  studied  was  Fluosol,  a  20%  w/v  PFC  emulsion  containing  14%  w/v 
perfluorodecalin  and  6%  w/v  perfluorotripropylamine,  which  is  currently  approved  as  an 
oxygen  delivery  agent  for  use  during  percutaneous  transluminal  coronary  angioplasty. 

PHARMACOKINETIC  ASPECTS  OF  PFC  EMULSIONS 

The  lung  is  the  main  route  of  elimination  following  i.v.  administration  of  PFC 
emulsions.  Perflubron  elimination  in  rats  treated  with  3  mL/kg  perflubron  emulsion 
showed  most  of  the  PFC  to  be  expired  by  28  days  postdosing.  There  is  no  evidence  of 
metabolism  of  PFCs  prior  to  elimination.  Gas  chromatography/mass  spectrometry 
analysis  of  liver  samples  from  rats  injected  with  perflubron  emulsion  conclusively 
demonstrated  no  metabolic  changes  in  the  PFC.  The  blood  half-life  of  perflubron 
emulsions  is  dose-dependent  and  ranges  from  a  few  hours  in  rats,  dogs  and  pigs  to  more 
than  3  times  longer  in  rabbits  at  equal  doses.  PFC  emulsion  droplets  are  cleared  from  the 
blood  primarily  by  the  reticuloendothelial  system  (RES).  The  rate  of  PFC  elimination 
from  the  RES  is  related  to  both  its  vapor  pressure  and  lipophilicity.  The  RES  elimination 
half-life  of  perflubron  is  4  days  compared  to  7  and  65  days  for  perfluorodecalin  and 
perfluorotripropylamine  respectively. 

PULMONARY  EFFECTS 

An  increase  in  lung  volume  at  necropsy  has  been  seen  in  certain  animal  species 
following  i.v.  administration  of  perflubron  emulsion  or  Fluosol.  Lung  volume 
measurements  in  rabbits  7  days  after  treatment  with  3  mL  [2.7  g  perflubron]/kg  perflubron 
emulsion  or  15  mL  [3.0  g  PFC]/kg  Fluosol  showed  an  increase  in  functional  residual 
capacity  from  3.4  ±  1.0  mL/kg  for  saline  controls  to  4.0  ±  1.4  mL/kg  for  perflubron  and 
16.0  ±  4.0  mL/kg  for  Fluosol.  Vital  capacity  was  unchanged  between  control  and 
perflubron  groups,  but  decreased  in  the  -treated  animals.  Thoracic  gas  volume  was 

also  increased  in  rabbits  treated  with  either  of  the  2  PFC  emulsions.  Transthoracic 
pres  sure- volume  curves  were  similar  between  saline  controls  and  perflubron-treated 
animals,  but  there  was  an  obvious  decrease  in  lung  compliance  in  the  Fluosol  group.  The 
dose-dependent  increase  in  lung  volume  and  the  reversibility  of  lung  volume  and  Pa02 
changes  can  be  seen  in  Figure  1  where  monkeys  were  treated  with  two  different  doses  of 
perflubron  emulsion.  Microscopic  evaluation  of  treated  lungs  showed  subtle,  transient 
effects  that  consisted  primarily  of  a  mild  increase  in  mononuclear  cell  number  along  with 
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FIGURE  1.  Lung  volumes  and  Pa02  levels  in  cynomolgus  monkeys  at  7,  14  and  28  days 
after  intravenous  administration  of  perflubron  emulsion.  Values  represent  mean  ±  SE. 
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Rats  Rabbits 


I  I  saline;  10  mL/kg  I  I  saline;  9  nrl/kg 

Bi  perflubron  emulsion;  10  rtl/kg  IB  perflubron  emulsion;  3  rrL/kg 
"WM  Fiuosol;45rTtykg  perflubron  emulsion;  9  rrL/kg 

Fluosol;  15niykg 


FIGURE  2.  Lung  volumes  in  3  species  following  treatment  with  PFC  emulsions.  Lung 
volumes  expressed  as  a  percentage  of  body  weight  in  pigs  are  shown  4-5  days  after  dosing 
with  3  mL/kg  perflubron  emulsion  or  13.5  mL/kg  Fluosol  (pigs).  Lung  volumes  in  rats 
are  shown  14  and  49  days  after  injection  of  a  10  mL/kg  dose  of  perflubron  emulsion  or  a 
45  mL/kg  dose  of  Fluosol  (rats).  Rabbit  lung  volumes  are  shown  3  and  22  days  after 
dosing  with  3  and  9  mL/kg  perflubron  emulsion  and  15  mL/kg  Fluosol  (rabbits). 


slight  alveolar  distention.  The  presence  of  vacuolated  alveolar  macrophages  were  indicative 
of  PFC  particles  in  the  lung.  No  evidence  of  interstitial  pulmonary  edema  was  observed. 

SPECIES  COMPARISON 

Pulmonary  effect  differences  between  species  were  evident  with  intravenous  PFC 
emulsions  (Fig.  2).  Pigs  were  the  most  sensitive  exhibiting  the  greatest  increase  in  lung 
volumes  at  equivalent  doses  of  3  mL  [2.7  g  perflubron]/kg  perflubron  emulsion  and  13.5 
mL  [2.7  g  PFC]/kg  Fluosol.  Pigs  are  unique  in  possessing  a  large  number  of  pulmonary 
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intravascular  macrophages  which  may  contribute  to  this  increased  lung  sensitivity  [4],  At 
similar  doses,  smaller  but  significant  increases  in  lung  volume  occurred  in  rabbits  and 
monkeys.  Even  smaller  increases  were  seen  with  higher  doses  in  rats.  In  rats,  reversibility 
of  the  pulmonary  effect  occurred  over  time  with  perflubron  emulsion,  but  not  with 
Fluosol.  Lung  volumes  increased  in  rabbits  in  a  dose-related  manner  and  reversibility  was 
demonstrated  only  with  perflubron  emulsion.  Changes  in  lung  volume  and  function  have 
not  been  observed  in  dogs  treated  with  multiple  doses  of  perflubron  emulsion  up  to  12 
mL/kg.  Little  or  no  pulmonary  effect  has  been  observed  in  mice  [5,6].  In  addition,  no 
evidence  of  this  phenomenon  has  been  observed  in  humans. 

CONCLUSION 

There  are  a  number  of  potentially  important  factors  which  may  contribute  to  the 
different  species  responses  to  i.v.  PFC  emulsions.  Collateral  ventilation  differences  include 
the  existence  of  many  interalveolar  connections  and  airway  communications  in  dogs  and 
humans  which  other  species  lack  by  comparison  [7].  Sensitivity  to  PFC  emulsions  may 
be  increased  by  the  many  pulmonary  intravascular  macrophages  in  pigs  and  the 
susceptibility  of  rabbits  to  pulmonary  emphysema  [8].  Substantially  lower 
transpulmonary  pressures  in  rabbits  and  monkeys  may  be  a  determinant  of  sensitivity  to 
PFC  emulsions  in  species  which  are  unable  to  generate  high  tidal  pressure  swings  [9]. 
Overall  airway  geometry  differences  should  also  be  considered  in  explaining  pulmonary 
responses.  The  larger  lung  volumes  and  increased  dimensions  of  major  airways  in  dogs 
and  humans  would  not  be  conducive  to  a  tendency  to  trap  gas  in  the  lungs. 
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ABSTRACT 

Purpose:  To  investigate  various  hypotheses  and  identify  the  most  likely 
mechanism  preventing  the  complete  collapse  of  test  animal  lungs  at  sacrifice 
subsequent  to  intravenous  injection  of  certain  perfluorocarbon  emulsions. 
Protocol:  Literature  data  were  reviewed,  experimental  data  were  extracted  from 
completed  studies  and  new  data  were  generated  in  an  attempt  to  delineate 
reasons  why,  in  certain  animals,  lungs  fail  to  collapse  normally  at  necropsy  if 
previously  injected  with  certain  perfluorocarbon  emulsions.  The  proposed 
hypothesis  involved  gas  osmosis  through  endogenous  pulmonary  surfactant- 
liquid  bridges  (micro-bubbles). 

Results:  The  observed  effect  of  incomplete  lung  collapse  upon  necropsy  was 
found  to  correlate  with  perfluorocarbon  vapor  pressure.  Results  indicated  that 
failure  to  collapse  could  be  attributed  to  the  formation  of  intra-alveolar  micro¬ 
bubbles  induced  by  the  normal  pulmonary  elimination  of  perfluorocarbon  vapor. 
These  micro-bubbles  result  in  a  phenomenon  which  could  be  characterized  by 
the  term,  pulmonary  gas  trapping.  Reduction  of  the  perfluorocarbon 
concentration  gradient  across  the  bubble  films  by  exposure  to  a  perfluorocarbon 
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vapor-containing  atmosphere  was  found  to  reduce  the  effect  in-vivo  and  prevent 
gas  osmosis  bubble  growth  in-vitro. 

Conclusion:  Experimental  observations  are  consistent  with  the  proposed  theory 
of  perfluorocarbon-related  gas  osmosis  through  micro-bubbles  that  prevent 
complete  lung  collapse  as  observed  upon  opening  the  thoracic  cavity  of  test 
animals. 


INTRODUCTION 

It  has  been  observed  that  the  lungs  of  several  animal  species,  that  have 
been  intravenously  injected  with  certain  perfluorocarbon  (PFC)  emulsions,  do 
not  fully  deflate  when  the  thoracic  cavity  is  opened  during  necropsy  [1,2].  Wide 
species  differences  have  been  observed,  with  dogs  showing  little  or  no  effect 
while  rabbits  are  very  susceptible.  Significant  histological  changes  have  not  been 
observed;  however,  the  alveoli  of  effected  lungs  appear  inflated  with  gas,  hence 
the  term  Pulmonary  Gas  Trapping  (PGT)  has  been  used  to  describe  this 
condition.  The  PGT  effect  in  rabbits  injected  with  perflubron  emulsions  (3 
ml/kg,  90%  emulsion  dose)  [3]  peaks  at  approximately  3  days  and  significantly 
resolves  in  approximately  3  weeks.  Lung  volumes  larger  than  four  times  controls 
have  been  observed.  The  trapping  of  gas  in  lungs  during  ventilation  of  animals 
with  other  gases  that  slowly  diffuse  through  liquid  films  and  bubbles  has  been 
reported  by  D.  G.  Frazer  [4], 

RESULTS  AND  DISCUSSION 

The  proposed  mechanism  involves  gas  osmosis  through  naturally 
occurring  liquid  films,  i.e.,  alveolar  micro-bubbles.  The  existence  of  these 
bubbles  has  been  reported  by  E.  M.  Scarpelli  [5].  We  propose  that  a  normal 
rabbit  lung  generates  small  numbers  of  surfactant-coated  liquid  bridges  (bubble 
films)  during  normal  breathing.  These  bubbles  normally  slowly  collapse  as  their 
film  surface  tension  raises  their  internal  pressure,  which  enhances  gas  diffusion 
out  of  the  bubble  (Figure  1).  After  injection  of  a  PFC  emulsion,  the  PFC  leaves 
the  body  by  diffusion  from  the  circulatory  system  to  the  alveolar  wall  and 
vaporizes.  PFC  vapors  dilute  the  gases  inside  alveolar  bubbles,  reducing  the 
diffusion  rate  of  gases  out  of  the  bubble  while  the  diffusion  rate  into  the  bubble 
remains  unchanged  thus  causing  the  bubbles  to  grow  slowly  rather  than  shrink 
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FIGURE  1.  Normal  alveolus  gas  diffusion  with  liquid  bridge  collapsing. 


(Figure  2).  The  PFC  vapors  are  nearly  insoluble  in  the  protein  free  fluid  in  the 
bubble  film  and  have  a  relatively  high  molecular  weight  (low  diffusion  constant) 
and  thus  leave  the  bubble  very  slowly.  This  effect  is  analogous  to  the  osmotic 
inflation  of  a  sugar-containing  dialysis  bag  when  immersed  in  distilled  water, 
hence  the  term  gas  osmosis.  The  concentrations  of  PFC  vapors  are  very  low 
(tenths  of  a  %  by  volume)  but  are  significant  relative  to  the  low  surface  tension 
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FIGURE  2.  PFC  vapor  induced  gas  osmosis  causes  liquid  bridge  to  grow. 


of  lung  surfactant.  These  stabilized  films  are  divided  into  micro-bubbles  by  the 
action  of  breathing  (Figure  3)  which  keeps  the  alveoli  inflated  when  the  chest 
cavity  is  opened.  They  are  likely  to  rupture  easily  during  histological  processing 
and  are  protein  free,  and  thus,  would  not  be  visible  with  normal  histological 
techniques.  Nevertheless,  on  a  number  of  occasions,  foam  has  been  noted  in  the 
airways  of  PGT  animals  during  gross  examination  upon  necropsy. 
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FIGURE  3.  Respiratory  cycling  of  liquid  bridge  into  alveolar  duct  forms  stabilized 
microbubbles. 


Structural  splinting  (reduced  tissue  compliance)  was  considered  but 
believed  unlikely  because  significant  structural  changes  have  not  been  observed 
histologically;  and  cycling  of  excised  PGT  lungs  to  2/3  atmosphere  and  back  to 
one  atmosphere  causes  venting  of  gasses  through  the  trachea  and  complete 
reversal  of  PGT. 

A  strong  dependence  on  perfluorocarbon  vapor  pressure  was  observed. 
Figure  4  depicts  the  percent  gas  volume  increase  in  rabbit  lungs  (normalized  for 
body  weight  at  6  days  post  dose)  vs.  vapor  pressure  at  37°C  of  the 
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Vapor  Pressure  Of  PFC  /  PFC  Mixture  (torr) 


FIGURE  4.  Effect  of  PFC  vapor  pressure  on  rabbit  lung  gas  volume  increase. 


perfluorocarbons  used  to  produce  the  injected  emulsions.  Perfluorocarbons  with 
vapor  pressures  below  approximately  8  torr  produce  little  or  no  effect  while 
those  with  higher  vapor  pressures  produce  increasing  effects. 
Perfluorotripropylamine  (VP  =  18  torr  at  37°C,  lung  gas  volume  increase  = 
29%)  is  an  exception.  A  possible  explanation  might  be  that  this  perfluorocarbon 
(PFC)  leaves  the  body  slowly  (t'^2  =  55  days)  and  thus  produces  lower  PFC  flux 
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FIGURE  5.  Rabbit  lung  weight  vs.  PFC/mixture  vapor  pressure. 


rates  in  the  lung  than  the  other  high  vapor  pressure  PFCs  tested.  Figure  5 
depicts  normalized  lung  weight  gain  vs.  vapor  pressure  for  the  same  emulsions 
shown  in  Figure  4.  No  histological  explanation  was  found  for  this  weight  gain 
(e.g.,  interstitial  edema  was  not  observed). 

It  has  been  observed  that  neat  PFCs  at  the  bottom  of  a  tissue  culture 
well  containing  an  aqueous  surfactant  (e.g,,  SDS,  serum  or  bovine  lung 
surfactant)  will  generate  small  bubbles  of  air  saturated  with  PFC,  due  to 
temperature  change-induced  outgassing,  when  placed  at  37°C  in  a  humidified 
incubator.  These  bubbles  dramatically  grow  in  diameter  over  the  next  12  to  36 
hours.  PFCs  with  higher  vapor  pressures  grow  faster;  those  with  sufficiently  low 
vapor  pressure  do  not  grow  perceptibly.  Similar  results  were  obtained  with 
emulsions  of  these  PFCs.  Bubbles  placed  in  an  atmosphere  previously  saturated 


with  the  same  PFC  used  to  generate  the  bubbles  do  not  grow  (Figure  6)  thus 
indicating  that  a  concentration  gradient  of  PFC  vapor  across  the  bubble  film 
drives  the  observed  bubble  growth,  consistent  with  a  gas  osmosis  mechanism. 

An  analogous  experiment  in-vivo  was  reported  by  L.  C.  Clark,  Jr.,  etal. 
[1].  Animals  injected  with  an  emulsion  produced  with  a  PFC  that  caused  PGT 
were  allowed  to  breathe  air  saturated  with  the  same  PFC's  vapor.  Clark  noted 
that  the  PGT  effect  was  prevented.  Preliminary  data  from  our  experiments 
(Figure  7)  indicate  that  perflubron  emulsion-injected  rabbits,  breathing  an 
atmosphere  approximately  50%  saturated  with  perflubron  at  37°C,  exhibited  a 
reduced  PGT  effect  (reduced  lung  volume)  when  compared  to  air  breathing 
animals.  This  experiment  is  still  in  progress  and  while  replicate  numbers  are  low. 
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FIGURE  7.  The  effect  of  PFC  vapors  on  rabbit  PGT  lung  volume. 


1214 


SCHUTT  ET  AL. 


it  confirms  the  trend  reported  by  Clark.  The  breathing  of  PFC  vapor  would 
reduce  the  PFC  vapor  concentration  gradient  across  bubble  films  in  the  lung 
while  increasing  the  total  animal  exposure  to  PFC  and  inhibiting  its  excretion. 
This  dependence  on  a  lung  PFC  vapor  concentration  gradient  as  opposed  to 
total  PFC  exposure  supports  the  gas  osmosis  PGT  mechanism  theory.  The 
observed  reduction  of  lung  volume  in  vapor-breathing  animals  that  were  not 
injected  with  emulsion  might  be  explained  by  an  increased  rate  of  shrinkage  of 
naturally  occurring  surfactant  bridges  due  to  the  negative  PFC  vapor 
concentration  gradient  imposed  on  the  lung. 

CONCLUSION 

The  proposed  mechanism  for  pulmonary  gas  trapping  (PGT)  through  the 
stabilization  and  growth  of  micro-bubbles  by  gas  osmosis,  induced  by  pulmonary 
PFC  vapor  concentration  gradients,  is  consistent  with  the  presently  available  in- 
vitro  and  in-vivo  data. 
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ABSTRACT 

We  hypothesized  that  fluorocarbon-based  lipid  emulsions  are  phagocytosed 
by  monocytes  and  that  many  of  the  in  vivo  side  effects  related  to  the  infusion  of  these 
particulate  emulsions  are  due  to  release  of  cytokines  by  these  monocytes.  To  clarify 
whether  these  emulsions  are  actually  phagocytosed  we  attempted  to  measure  by  flow 
cytometry  the  apparent  uptake  of  a  fluorescently  labeled  high-concentration  (90%,  w/v) 
perflubron  (perfluorooctyl  bromide  [PFOB])  emulsion  by  a  differentiated  human 
monocyte  cell  line. 

A  fluorescent  chromophore  (Zynaxis  Cell  Science)  was  used  to  label  the  egg 
yolk  phospholipid  in  a  perflubron  emulsion.  This  phospholipid  label  was  used  to  track 
the  perflubron  emulsion  during  overnight  incubation  with  the  human  monocyte  (THP-1) 
cell  line  which  had  been  differentiated,  by  exposure  to  PMA,  into  macrophage-like  cells. 

Our  results  indicate  that  after  24  hours  of  incubation  with  the  labeled  perflubron 
emulsion,  64.9%  (±11.0)  of  differentiated  THP-1  cells  had  cell-associated  emulsion 
(ingested  and/or  membrane  bound)  whereas  24.4  (±6.8%)  of  the  control  cells  had  cell- 
associated  emulsion.  We  speculate  that  this  technique  may  be  a  useful  method  to  track 
the  intravascular  persistence  and  extravascular  distribution  of  such  emulsions,  and  that 
the  degree  of  uptake  of  the  emulsion  by  macrophages  in  this  assay  may  correlate  with  its 
in  vivo  half  life. 


1215 


Copyright  ©  1994  by  Marcel  Dekker,  Inc. 


1216 


SMITH,  KORNBRUST,  AND  LANE 


INTRODUCTION 

High  concentration  fluorocarbon-based  lipid  emulsions  have  been  shown  to  be 
efficacious  in  delivery  of  oxygen  to  tissues  and  imaging  diagnosis  (1,2,3).  We 
hypothesized  that  perfluorocarbon-based  emulsions  are  phagocytosed  by  cells  of  the 
monocyte/macrophage  lineage  and  that  many  of  the  in  vivo  side  effects  (i.e.  fever, 
cutaneous  flushing)  related  to  the  infusion  of  these  particulate  emulsions  [4]  are  due  to 
monocyte  activation  and  release  of  cytokines  by  monocytic  cells  which  have 
phagocytosed  the  emulsion. 

To  clarify  whether  these  emulsions  are  actually  phagocytosed  we  attempted  to 
measure  by  flow  c>'tometry  the  apparent  uptake  of  a  fluorescently  labeled  high- 
concentration  (90%,  w/v)  perflubron  emulsion  by  a  PMA-differentiated  human 
mononuclear  cell  line  (THP-1  cells)  or  control  cells  which  had  been  pre-treated  with 
cytochalasin-B. 

An  aliphatic,  fluorescent  chromophore  (Zynaxis  Cell  Science)  which  has 
previously  been  used  for  in  vivo  and  in  vitro  viable  cell  tracking  [5]  was  used  to  label 
the  egg  yolk  phospholipid  of  a  perflubron  emulsion.  This  phospholipid  label  was  used 
to  track  the  perflubron  emulsion  during  incubation  with  the  human  monocyte  (THP-1) 
cell  line  which  had  been  differentiated,  by  exposure  to  PMA,  into  macrophage-like  cells. 

MATERIALS  AND  METHODS 

Emulsion  Labeling:  One  ml  of  a  90%  perflubron/egg  yolk  phospholipid  emulsion  was 
washed  by  centrifugation,  three  times  with  sterile  phosphate  buffered  saline  (PBS).  A 
PKH  26-GL  Cell  Linker  Kit  was  obtained  from  Zynaxis  Cell  Science  (Malvern,  PA). 
The  kit's  PKH  26  dye  was  diluted  to  4  X  10'^  molar  with  the  provided  diluent-C  just 
prior  to  use.  The  washed  perflubron  emulsion  volume  was  brought  back  to  1  ml  with 
diluent-C.  One  ml  of  diluted  PKH  26  dye  was  added  to  1  ml  of  the  washed  perflubron 
emulsion,  mixed  gently  and  incubated  5  minutes  at  room  temperature.  The  reaction  was 
stopped  by  washing  again  with  sterile  PBS  4  times  as  above.  The  labeled  emulsion  was 
used  in  the  assay  within  5  days  from  labeling,  but  has  been  shown  to  be  stable  on  viable 
cells  for  over  a  month  [5,6], 

TIIP-1  Cell  Differentiation:  The  THP-1  human  acute  monocytic  leukemia  cell  line  [7] 
was  obtained  from  the  American  Type  Culture  Collection,  (Rockville  Maryland)  and 
maintained  in  endotoxin-'free'  RPMT  1640  supplemented  with  10%  fetal  calf  serum. 
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lOmM  hepes,  2mM  glutamine,  pen/strep  (lOOU/ml  ,100^g/ml  respectively)  and  lOpM 
^-mercaptoethanol.  Differentiation  [8]  was  accomplished  by  diluting  the  THP-l's  to 
5X10^  cells/ml  and  adding  lOpM  phorbol-12,  myristrate-13,  acetate  (PMA)  to  the  cells 
just  prior  to  plating  1  ml  per  well  into  sterile  24  well  cell  culture  plates.  The  THP-1 
cells  were  allowed  to  differentiate  into  adherent  macrophage-like  cells  for  4  days. 
Media  on  top  of  the  cells  was  gently  replaced  with  fresh  media  2  hours  prior  to  cell  use 
in  assay. 

Assay  of  DiffcrcDtiated  THP-1  Cell  Phagocytosis:  Differentiated  THP-1  cells  were 
incubated  24  hours  at  37®C  in  a  5%  CO2  humidified  atmosphere  in  the  presence  of  the 
fluorescence  labeled  perflubron  emulsion.  Differentiated  THP-1  cells  which  had  been 
pre-treated  with  cytochalasin-B  (10|Lig/ml)  were  used  as  control  cells  with  paralyzed 
phagoc>4ic  ability  [9]  to  determine  the  extent  of  macrophage  cell-associated  binding 
versus  actual  phagocytosis  of  the  emulsion  by  the  THP-1  cells.  At  multiple  time  points 
during  the  incubation,  subsets  of  the  THP-l's  were  gently  washed  free  of  excess 
emulsion,  isolated  and  assayed  for  the  presence  of  the  fluorescent  perflubron  emulsion 
by  flow  cytometry.  An  Ortho  Cytofluorograph  flow  cytometer  was  used  to  analyze  the 
samples  with  an  excitation  wavelength  of  488nm  filter  from  an  argon  laser  and  emission 
spectra  was  analyzed  with  a  570nm  band  pass  filter.  The  fluorescent  measurements 
were  gated  on  forward  versus  90°  angle  light  scatter  to  eliminate  any  non-cell-associated 
fluorescence.  Both  the  amount  of  labeled  emulsion  per  THP-1  cell  and  the  percent  of 
THP-1  cells  which  had  ingested  the  emulsion  were  quantitated. 

RESULTS 

We  were  successful  in  fluorescently  labeling  the  egg  yolk  phospholipid  of  a 
90%  (w/v)  perflubron  emulsion  and  tracking  its  uptake  by  the  differentiated  human 
monoc>4ic  THP-1  cell  line.  This  process  was  unique  in  that  it  appears  to  be  the  first 
time  that  a  phospholipid  emulsion,  and  not  a  viable  cell  source,  has  been  labeled  with 
this  dye. 

Figure  1  illustrates  the  ingestion  of  the  labeled  emulsion  with  time  by  the  THP-1 
cells  compared  to  control  THP-1  cells  of  limited  phagocytic  ability.  As  incubation  time 
proceeds  the  amount  of  labeled  emulsion  phagocytosed  by  THP-1  cells  increases 
substantially  compared  to  the  cytochalasin-B  control  cells  which  have  only  cell- 
association  capability.  Assuming  that  a  similar  percent  of  non-cytochalasin-B  treated 
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FIGURE  1.  Percent  fluorescence-positive  THP-1  cells  with  and  without  cytochalasin-B 
present.  As  incubation  time  increases  the  amount  of  labeled  emulsion  phagocytosed  by 
THP-1  cells  increases  dramatically  compared  to  the  cytochalasin-B  control  cells  which 
have  only  cell-association  capability.  Data  points  represent  mean  ±  standard  error  of 
the  mean  (SEM)  of  3  replicate  experiments.  (*)  Indicates  significant  difference  (p  < 
0.05)  from  control. 
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THP-1  cells  would  have  had  the  labeled  emulsion  only  externally  associated  with  the 
cells,  almost  three  times  as  much  emulsion  was  phagocytized  as  was  only  cell-associated 
with  the  control  cells  (64.9±11.0%  compared  to  24.4±6.8%)  after  24  hours 
incubation. 

While  the  number  of  THP-1  cells  which  ingest  the  emulsion  increased  with  time, 
the  amount  of  emulsion  phagocytosed  per  THP-1  cell  also  increases  per  cell  compared 
to  control,  cytochalasin-B  treated  THP-1  cells  (Figure  2). 

DISCUSSION 

Our  results  indicate  that  a)  the  uptake  of  perflubron  emulsion  by  macrophages 
can  be  quantitated  by  the  use  of  a  fluorescent  label  attached  to  the  emulsion,  and  b)  after 
24  hours  of  incubation  with  the  labeled  perflubron  emulsion,  almost  3  times  the  number 
of  non-treated  differentiated  THP-1  cells  had  cell-associated  emulsion  (ingested  and/or 
membrane  bound)  compared  to  control  (cytochalasin-B  treated)  THP-1  cells.  Tsuchiya 
et.al.  [8]  found  differentiated  THP-1  cells  to  become  macrophage-like  with  the  ability  to 
readily  phagocytose  yeast,  sheep  red  blood  cells  (SRBC)  and  IgG-coated  SRBC's 
compared  to  non-differentiated  THP-Ts.  The  results  presented  here  confirm  the 
differentiated  THP-1  cell's  ability  to  also  rapidly  ingest  the  labeled  perflubron  emulsion 
compared  to  c>tochalasin-B  treated  control  cells  which  appear  to  only  show  cell 
association  of  the  emulsion  in  the  form  of  external  attachment  to  the  THP-1  cells. 
Cytochalasin-B  is  known  to  paralyze  phagocytosis  along  with  cytokinesis  and 
locomotion  by  preventing  changes  in  the  state  of  actin  polymerization  [9]. 

Microspheres  and  liposomes  have  been  shown  to  stimulate  the  arachidonic  acid 
cascade,  principally  thromboxane  A2  after  intravenous  administration  and  macrophage 
phagoc>tosis  in  pigs  [10]  and  sheep  [II],  respectively.  We  hypothesized  that 
perfluorocarbon-based  emulsions  may  induce  in  vivo  side  effects  (fever,  cutaneous 
flushing)  via  interaction  with  macrophages  which  are  stimulated  to  release  cytokines. 
The  in  vitro  assay  described  here  may  mimic  phagocytosis  of  this  emulsion  by 
macrophages  in  vivo.  We  speculate  that  this  technique  may  be  a  useful  method  in 
tracking  the  intravascular  persistence  and  extravascular  distribution  of  such  emulsions, 
and  that  the  degree  of  uptake  of  the  emulsion  by  macrophages  in  this  assay  may 
correlate  with  its  in  vivo  half  life.  Finally,  if  the  extent  of  phagocytosis  correlates  with 
cytokine  release,  this  teclinique  may  serve  as  a  useful  method  for  optimizing  such 
emulsions  for  in  vivo  use. 
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ABSTRACT 

The  influence  of  a  temporary  occlusion  of  the  superior  mesentery  artery  on  the  genera¬ 
tion  of  oxygen  free  radical  products  was  tested  in  controls  and  after  administration  of 
perflubron.  The  occlusion  time  lasted  for  90  min  and  a  reperfusion  time  of  150  min 
was  chosen  until  examination  of  tissue  samples  took  place.  The  content  of  thiobarbi- 
turic  acid  reactive  substances  (TBARS),  glutathione  (GSH)  and  myeloperoxidase 
(MPO)  was  determined  in  homogenized  tissue  samples.  A  protective  effect  of  antioxi¬ 
dants  or  radical  scavengers  was  tested  in  form  of  a-tocopherol  and  allopurinol. 

A  highly  significant  increase  of  TBARS  was  found  in  the  operated  control  group,  still 
higher  under  perflubron  (perfluorooctylbromide,  PFOB).  However,  under  cn-toco- 
pherol  as  well  as  under  allopurinol  the  effect  of  radical  products  could  be  diminished 
below  the  values  of  controls.  GSH  and  MPO  were  not  significantly  changed  under 
PFOB  as  compared  to  the  operated  control  group. 

INTRODUCTION 

Transient  mesenteric  artery  occlusion  (MAO)  and  the  following  reperfusion  period 
were  found  by  our  group  to  create  an  increase  in  lipid  peroxides  of  more  than  20  fold, 
expressed  by  the  amount  of  TBARS  [1-6].  The  content  of  reduced  glutathione  de¬ 
creases  significantly,  whereas  the  activity  of  myeloperoxidase  rises.  Thus  this  prepara¬ 
tion  can  serve  as  a  reliable  model  for  the  generation  of  oxygen  free  radical  products. 
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Treatment  with  artificial  oxygen  carriers  under  increased  oxygen  partial  pressure 
might  result  in  the  generation  of  additional  oxygen  free  radicals  [7]. 

We  therefore  tested  the  question  whether  additionally  generated  oxygen  free  radicals 
would  arise  from  treatment  with  PFOB  and  if  so,  how  it  could  be  compensated  by  an 
additive  treatment  with  antioxidants  or  radical  scavengers. 

MATERIALS  AND  METHODS 

All  tests  were  done  with  male  rats  of  Wistar  strain  of  250-350  g  body  weight.  They 
were  kept  on  standard  diet  (Altromin,  Lage,  FRG)  and  had  access  to  food  and  water 
ad  libitum  until  the  beginning  of  the  experiments.  The  animals  were  randomly  divided 
in  groups  of  four  and  housed  in  macrolon  cages. 

One  group  (1)  served  as  control  and  was  untreated.  The  other  groups  (2-5)  underwent 
reversible  occlusion  of  the  superior  mesenteric  artery  under  ether  anesthesia.  This  was 
done  by  pulling  the  prepared  vessel  by  means  of  a  thread  against  a  PE-90  tube  which 
was  lead  through  the  abdominal  wall.  The  external  portion  of  the  thread  was  fixed  at 
the  tube  until  removal.  Following  surgery  and  still  under  ether  anesthesia  an  analgesic 
(tramadol,  2.5  mg/kg  body  weight)  was  given  and  repeated  at  the  reopening  of  the 
vessel.  This  occurred  90  min  after  the  beginning  of  occlusion.  Immediately  before  the 
vessel  was  reopened  by  losening  the  threat,  three  experimental  groups  (3-5)  received 
PFOB  in  form  of  Oxygent^^HT  [8]  (90%  w/v,  Alliance  Pharmaceutical  Corp.,San 
Diego  CA)  in  a  dose  of  3  g/kg  b.wt.,  one  group  (2)  remained  without  agents.  One  of 
the  experimental  groups  (4)  had  been  additionally  treated  with  a-tocopherol  100 
mg/kg  s.c.  on  two  previous  days,  another  (5)  received  100  mg/kg  b.wt.  of  allopurinol 
together  with  the  PFOB  injection  i.v..  Allopurinol  was  given  not  only  as  xanthine  oxi¬ 
dase  inhibitor,  but  also  as  a  potent  hydroxyl  radical  scavenger.  In  the  following  reper¬ 
fusion  period,  which  lasted  150  min,  all  operated  groups  were  transferred  into  a  plas¬ 
tic  tent  surrounding  their  cages  to  breath  oxygen  with  a  Fi02  -0.9  for  the  duration  of 
the  reperfusion  period.  After  the  reperfusion  period  the  animals  were  killed  by  exsan- 
guination  under  ether  anesthesia. 

In  homogenized  tissue  samples  of  the  gut  of  all  animals  the  content  of  TEARS  was  de¬ 
termined  according  to  a  modification  of  the  method  of  Ohkawa  et  al.  [9].  Amounts  of 
0,1, 2, and  3  nmol  of  tetramethoxypropane  served  as  external  standard  and  were  as¬ 
sayed  in  the  above  described  way.  All  determinations  were  performed  in  duplicate. 
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Additionally,  values  of  TEARS  were  controlled  by  high  performance  liquid  chroma¬ 
tography  (HPLC)  of  malondialdehyde-like  substances  [10], 

As  a  further  test  for  oxidative  stress  the  content  of  glutathione  in  the  reduced  (GSH) 
and  oxidized  (GSSG)  form  was  determined  according  to  the  method  described  by 
Tietze  [11]  in  a  modification  of  Griffith  [12],  Besides  determination  of  total  gluta¬ 
thione  concentration  with  glutathione  reductase,  GSSG  was  estimated  in  parallel  sam¬ 
ples  after  neutralization  of  the  extract  and  derivatization  of  GSH  in  the  presence  of  2- 
vinylpyridine.  Standards  were  made  up  in  2%  5-sulfosalicylic  acid.  GSH  and  GSSG 
gave  the  same  standard  curves  when  expressed  on  the  basis  of  GSH  equivalents. 

The  tissue  level  of  myeloperoxidase  (MPO)  was  determined  according  to  Krawisz  et 
al,  [13],  The  specimens  (200-500  mg)  were  homogenized  for  30  sec  (three  times)  in  3 
ml  hexadecyltrimethylammoniumbromide  (HTBA)  solution  (0.5%  HTBA  in  50  nM 
phosphate  buffer,  pH  6.0)  with  an  Ultra  Turrax^^^  blender.  HTBA  acts  in  releasing 
MPO  from  the  primary  granules  of  the  neutrophils.  The  homogenate  was  sonicated  for 
10  sec,  freeze-thawed  three  times  and  centrifuged  at  40000  g  for  15  min  at  4°  C.  The 
supernatant  was  assayed  for  myeloperoxidase  activity  spectrophotometrically;  the 
change  in  absorbance  at  460  nm  was  measured  with  a  Shimadzu  UV-190  spectro¬ 
photometer. 

Statistical  evaluation:  The  values  are  reported  as  means  +  SEM.  One  way  analysis  of 
variance  (ANOVA)  was  utilized  to  determine  whether  there  were  statistically  signifi¬ 
cant  differences  between  the  groups.  Fisher's  least  significant  differences  test  was  used 
to  identify  those  groups  which  accounted  for  the  significant  F-test.  A  p  <  0.05  was 
considered  to  indicate  significance. 


RESULTS 

Compared  to  the  unoperated  control  group  (1)  with  a  TEARS  level  of  75.2  ±  19.9 
nmol/g,  the  amount  of  TEARS  increased  after  ischemia  and  reperfusion  to  2095.6  ± 
150.0  in  group  2  (p  <0.002,  Fig.l).  Under  PFOB  the  increase  was  enhanced  to 
2842.6  +  311.8  nmol/g  in  group  3  (p  <  0.05  against  control  group).  Either  a- 
tocopherol  (in  group  4)  or  allopurinol  (in  group  5)  combined  with  PFOB  succeed¬ 
ed  in  depression  of  the  elevated  TEARS  values  below  those  of  the  PFC  free  group:  the 
respective  values  were  77 1 .7  +  83.0  and  700.5  ±  313,6  nmol/g  (both  p  <  0.02 
against  group  2).  A  comparison  of  TEARS  with  HPLC-derived  values  of  malondialde- 
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TBARS  after  mes.  art.  occlusion  and  reperfusion 


basic  level  MAO  MAO  +  P  MAO  +  P  +  E  MAO  +  P  +  A 


FIGURE  1.  The  content  of  TBARS  in  intestinal  tissue  of  the  tested  groups.  Each 
group  consisted  of  at  least  4,  the  first  two  groups  of  8  animals.  Significance  of  diffe¬ 
rences  see  text.  MAO  =  mes.art.occl.;  P  =  PFOB  treatment;  E  =  2  x  100  mg/kg 
treatment  with  a-tocopherol  s.c.;  A  =  treatment  with  allopurinol  100  mg/kg  i.v.  Sig¬ 
nificance  of  differences  is  given  in  the  text. 


hyde-like  substances  resulted  in  a  correlation  factor  of  0.9099,  though  TBARS  were 
higher  by  a  factor  of  2.24. 

GSH  decreased  highly  significantly  in  group  2  from  a  control  level  of  2.76  +  0.12  to 
0.807  ±  0.07  mmol/g  (p<  0.001,  Fig.2).  With  PFOB  no  further  decrease  was  found 
(group  3:  0.803  ±  0.04  mmol/g).  For  the  combination  of  PFOB  with  a-tocopherol 
treatment  the  value  increased  to  1.45  +  0.09,  (p<0.02  against  group  2),  whereas  al¬ 
lopurinol  remained  without  effect  (group  5;  0.808  ±  0.06). 

The  opposite  tendency  of  GSSG  can  be  observed  in  Fig.  3.  GSSG  increased  from  a 
basal  level  (group  1)  of  19.3  ±  1.5  ^mol/g  to  38.9  ±  3.6  /imol/g  in  group  2 
(p<  0.005).  Under  PFOB  in  group  3  the  level  was  not  further  elevated  (34.3  + 
3.3  ^mol/g);  the  difference  to  group  2  was  insignificant,  a-tocopherol  caused  a  slight¬ 
ly  significant  (p  <  0.05)  decrease  to  27.7  +  0.9  /imol/g  as  compared  with  group  2, 
whereas  allopurinol  remained  without  a  significant  effect  (34.9  +  2.8  ^mol/g). 

The  ratio  GSSG/GSH  increased  considerably  from  0.007  ±  0.001  in  group  1  to  0.053 
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±  0.007  in  group  2  (p  <0.002).  Under  PFOB  no  further  increase  occurred  (0.043 
+  0.006).  a-tocophero!  treatment  in  combination  with  PFOB  (0.019  +  0.001) 
lowered  significantly  this  ratio  compared  to  group  2  (p<0.01),  whereas  allopurinol 
remained  without  effect  (0.045  +  0.007). 

Myeloperoxidase  activity  increased  from  a  basic  level  of  3.88  ±  0.51  units/g  in  group 
1  to  40.01  ±  4.83  in  group  2  (p<  0.001,  Fig.4).  Together  with  PFOB  no  further  in¬ 
crease  occurred  (group  3:  40.50  +  4.23).  In  combination  with  a-tocopherol  treatment 
the  increase  could  be  reduced  to  21.14  +  1.80  U/g  (p<0.02  against  group  2),  where¬ 
as  allopurinol  showed  only  a  slight  depression  (group  5:  36.20  +  3.02  U/g,  n.sign.). 

DISCUSSION 

Mesenteric  artery  occlusion  causes  a  far  reaching  interference  with  normal  homoiosta- 
sis.  However,  we  have  chosen  this  model  to  explore  the  influence  of  an  artificial  oxy¬ 
gen  carrier  during  the  reperfusion  period,  when  a  dramatic  increase  in  the  content  of 
lipid  peroxides  was  found  to  develop.  Though  a  further  increase  of  such  products  oc¬ 
curred  under  treatment  with  PFOB,  our  results  show  that  the  combination  of  PFOB 
with  an  antioxidant  or  a  free  radical  scavenger  depresses  the  level  of  peroxide  products 
below  that  of  operated,  but  otherwise  untreated  controls  of  group  2.  Because  a  contro¬ 
versy  exists  relating  to  the  capacity  of  the  TBA  reaction  to  evaluate  real  products  of 
lipid  peroxidation  114],  a  comparison  with  results  of  the  determination  of  malondi- 
aldehyde-like  substances  with  HPLC  was  undertaken,  which  showed  a  narrow  relation 
between  both  methods,  though  TBARS  values  were  higher  by  a  factor  of  2.24. 
Allopurinol  has  besides  its  effect  of  inhibiting  xanthine  oxidase  a  well  documented  sca¬ 
venging  effect  against  the  highly  reactive  hydroxyl  radical  and  the  myeloperoxidase- 
derived  oxidant  hypochlorous  acid  115,16].  It  depressed  the  increase  in  TBARS  signifi¬ 
cantly,  though  the  effect  on  the  glutathione  metabolism  was  negligible.  Although  the 
increase  of  myeloperoxidase  could  not  be  significantly  prevented  by  allopurinol ,  there 
might  be  a  protection  against  the  consequences  of  liberating  reactive  radicals  from  acti¬ 
vated  polymorphonuclear  leukocytes,  a-tocopherol  treatment  acted  significantly  on  all 
parameters  investigated,  it  was  more  powerful  than  allopurinol  in  preventing  GSH-de- 
pression  and  myeloperoxidase  activation.  Both  agents  have  shown  the  capacity  to  coun¬ 
teract  the  creation  of  additional  free  radical  products  under  these  severe  conditions. 
Three  of  the  four  tests  searching  for  aggravating  consequences  of  lipid  peroxidation 
under  an  elevated  oxidative  load  remained  negative.  In  case  of  an  increase  of  TBARS, 
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basic  level  MAO  MAO+P  MAO+P  +  E  MAO  +  P  +  A 

FIGURE  4.  The  content  of  myeloperoxidase  in  intestinal  tissue  under  different  condi¬ 
tions.  Details  see  Fig.l. 


this  effect  could  be  totally  depressed  below  that  of  similarly  operated  controls  by  the 
combination  with  an  antioxidant  or  a  hydroxyl  radical  scavenger,  and  thus  conse¬ 
quences  could  be  mastered.  Control  experiments  with  simultaneous  determination  of 
TEARS  and  malondialdehyde-like  substances  by  HPLC  indicated  a  clear  correlation 
and  emphasized  the  significance  of  an  antioxidative  protection  under  extreme  condi¬ 
tions  like  those  in  the  described  experiments. 
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ABSTRACT 

The  effect  of  a  stable  perfluorodecalin  (FDC)  emulsion,  based  on  addition  of 
0.2-0. 5%  (W/V)  of  perfluoroperhydrophenanthrene  and  4%  egg  yolk  lecithin 
was  tested  for  its  influence  on  Kupffer  cells  in  vivo  by  means  of  a  magneto¬ 
metric  procedure  in  rats.  It  was  also  compared  with  the  effect  of  a  perfluoro¬ 
chemical  emulsion  (PFC)  of  the  first  generation  (Fluosol^-DA,  FDA).  While 
doses  of  0.1  g/kg  body  weight  of  both  PFCs  caused  a  small  increase  of  activi¬ 
ty  in  these  cells  (as  measured  by  an  increase  in  a  ratio  factor  r  after  magnetiza¬ 
tion),  doses  of  Ig/kg  b.wt.  led  to  a  significant  retardation  of  intracellular 
movements  after  FDC  and  FDA  for  two  and  four  days,  respectively.  A  dose 
of  3  g/kg  b.wt.  of  FDC  effected  a  significant  depression  for  8  days,  whereas 
after  the  same  dose  of  Fluosol-DA  the  intracellular  motility  remained  de¬ 
pressed  for  as  long  as  32  days. 


INTRODUCTION 

The  favourable  features  of  perfluorodecalin  (FDC)  mark  it  as  a  potential  can¬ 
didate  for  artificial  oxygen  transport  as  well  as  a  heavy  liquid  for  vitreoretinal 
tamponade.  Whereas  the  agent  can  be  used  for  postoperative  tamponade  within 
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the  eye  in  a  pure  form,  it  has  to  be  emulsified  when  it  is  to  be  utilized  as  a 
"blood  substitute" .  Emulsification  has  turned  out  to  be  very  difficult;  only  a 
mixture  with  30%  of  perfluorotripropylamine  (FTP A,  combined  as  Fluosol^- 
DA,  FDA  [1,2])  proved  to  be  stable  enough  when  kept  in  a  frozen  state. 
However,  storage  of  this  emulsion  in  macrophages  continued  for  more  than 
30  days.  Now  by  addition  of  0.2-0. 5%  of  perfluoroperhydrophenanthrene  a 
more  stable  form  of  FDC  was  prepared.  We  tested  this  emulsion  for  its  effect 
on  the  functional  activity  of  sessile  macrophages  of  the  liver  [3-5]  in  doses 
relevant  to  intraocular  and  intravascular  application  by  means  of  a  magneto¬ 
metric  measurement. 

Ferromagnetic  particles,  small  enough  to  be  taken  up  by  cells  of  the  reticulo¬ 
endothelial  system,  especially  Kupffer  cells  of  the  liver,  offer  an  opportunity 
to  monitor  cytoplasmic  motility  [6-8].  After  being  aligned  by  an  external  mag¬ 
netic  field  for  a  short  time  period,  they  become  reorientated,  depending  on 
their  burden  with  other  phagocytized  material.  Reorientation  (also  called  "re¬ 
laxation")  can  be  measured  by  an  external  magnetic  probe  noninvasively  in 
laboratory  animals. 


METHODS 

The  magnetometric  method  used  was  described  previously  [9-12]  in  detail 
[13].  Male  Wistar  rats  received  intravenously  5  mg/kg  b.wt.  of  ferromagnetic 
iron  oxide  particles  before  i.v.  administration  of  doses  of  either  0.1,  1  or  3 
g/kg  b.wt.  of  FDC  or  FDA.  Following  this  they  could  be  magnetically  meas¬ 
ured  for  a  time  period  of  about  thirty  days,  which  was  done  in  several  time  in¬ 
tervals. 

For  each  measurement  the  animals  were  slightly  anesthetized  with  30  mg/kg 
b.wt  of  pentobarbital  and  magnetized  in  a  magnetic  field  of  0.26  Tesla  (2600 
Gauss)  for  30  s.  Immediately  thereafter  they  were  put  into  a  magnetically 
shielded  chamber.  The  depilated  skin  area  above  the  right  lower  rib  corner 
was  brought  in  close  contact  to  a  double  FOERSTER  probe.  The  decay  of  the 
remanent  magnetic  field  strength,  measured  in  nTesla,  was  recorded  for  at 
least  10  min  and  the  measurements  were  repeated  three  times.  From  the  de¬ 
scending  curves  of  magnetic  field  strength  12  time-dependent  values  were  ob¬ 
tained  within  the  interval  of  0.25  and  10  min  after  the  end  of  magnetization. 
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The  curves  were  fitted  logarithmically  by  the  method  of  least  squares  and  the 
following  equation  was  calculated: 

-V  *  f 

y  =  yo*e‘'  ‘  +  c 

y  =  total  magnetic  field  strength  at  the  time  t,  y^  =  "dynamic"  field  strength, 
e  =  base  of  natural  logarithms,  k  =  relaxation  constant,  C  =  "static"  or  "sta¬ 
ble"  magnetic  field  strength. 

The  absolute  size  of  y^  for  the  dynamic  part  of  magnetism  as  well  as  the  static 
part  C  are  to  a  certain  degree  dependent  on  the  geometrical  position  of  the 
magnetic  probe  in  relation  to  the  animal's  surface  and  so  cause  larger  interin¬ 
dividual  variations,  k,  which  represents  the  relaxation  is  a  measure  of  the  re¬ 
orientation  of  the  fully  movable  particles  only,  whereas  the  hampered  ones  do 
not  contribute  to  this  factor.  In  contrast  to  these  parameters,  the  relation 

r  =  yo^Cyo+c) 

which  stands  for  the  ratio  of  the  dynamic  to  the  total  magnetic  field  strength 
remains  independent  of  those  variations  and  is  a  well  defined  factor  for  the 
movable  portion  of  the  received  ferromagnetic  material.  Thus  we  used  this  ra¬ 
tio  to  express  changes  of  intracellular  particle  motion  during  the  longitudinal 
studies. 

Statistical  analysis  of  differences  was  performed  according  to  Student's  two- 
tailed  t-test  with  an  extension  according  to  Behrens-Fisher  when  variances 
were  unequal  [12].  All  data  are  given  as  mean  ±  standard  error  of  the  mean. 
Differences  were  considered  significant  if  p  was  <0.05. 

RESULTS 

After  doses  of  both  PFCs  comparable  to  the  application  in  the  eye  (0. 1  g/kg), 
no  reduction  of  the  intracellular  mobility  of  the  iron  particles  could  be  seen  at 
any  time.  To  the  contrary,  even  an  improvement  of  particle  motion  was  found, 
expressed  by  an  increase  of  r,  which  was  distinct,  though  not  statistically  sig¬ 
nificant  for  each  of  the  two  PFCs.  Following  a  dose  of  1  g  FDC/kg  b.wt.  r 
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Comparison  of  2  PFCs  at  a  dose  of  3  g  /kg  b.wt. 


FIGURE  I.  Ratio  of  the  magnetic  field  strength  r  in  controls  and  after  treatment  with 
3  g  FDC  or  FDA  per  kg  b.wt.  Significance  of  differences  is  given  in  the  text. 


was  depressed  to  84.5%  ±  2.7  of  the  control  (p<0.01)  until  the  second  day 
after  injection.  The  same  dose  of  FDA  caused  a  depression  to  79.2%  +  6.9 
until  the  fourth  day  after  injection  (p<0.05).  After  a  dose  of  3  g/kg  b.wt.  of 
FDC  the  intracellular  movement  was  still  depressed  on  the  8th  day  after  ad¬ 
ministration  to  71.6%  ±  1.3,  compared  with  51.1%  +  2.7  after  3  g/kg  b.wt. 
of  FDA  (both  p< 0.001  versus  control).  Sixteen  days  after  injection  no  signif¬ 
icant  diminution  of  magnetic  relaxation  could  be  detected  in  the  group  which 
received  3  g  FDC/kg  b.wt.;  in  the  group  with  3  g  FDA/kg  b.wt.  the  plasmic 
motion  was  still  depressed  to  51.8  %  +  3.1  (p<  0.001),  while  as  late  as  32 
days  after  the  injection  it  still  was  reduced  to  78.1%  ±6.7  of  control  (p< 
0.05),  (Fig.l). 


CONCLUSION 

Omitting  FTPA  in  the  emulsion  of  FDC  resulted  in  a  significant  improvement 
concerning  the  depressing  effect  on  the  action  of  macrophages.  In  doses  rele- 
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vant  for  eye  surgery  no  evidence  of  retardation  could  be  detected  for  either 
PFC,  whereas  amounts  of  1  and  3  g  FDC/kg  resulted  in  a  reversibly  dimin¬ 
ished  magnetic  relaxation  until  the  2nd  or  until  the  8th  day,  respectively.  In 
contrast,  FDA  at  a  dose  of  3  g/kg  b.wt.  caused  a  depressed  relaxation  lasting 
for  more  than  32  days.  Thus  only  at  low  doses  are  differences  between  these 
two  substances  negligible,  while  they  play  an  increasingly  important  role  at  the 
higher  doses  utilized  in  blood  substitution  products. 
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ABSTRACT 

Desmethylimipramine  (desipramine,  DMI)  is  predominantly  2- 
hydroxylated  to  2-hydroxydesipramine,  and  the  remainder  is  N- 
demethylated  to  didesmethylimipramine  (DDMI)  in  both  rats  and  man. 
DMI  2-hydroxylation  is  mediated  by  the  same  cytochrome  P-450  isoenzyme 
(P4502D6)  in  rats  and  man.  Fluosol  hemodilution  has  previously  been 
shown  to  influence  the  activity  of  P4502B1  and  P4502B2,  the  cytochrome  P- 
450  isoenzymes  induced  by  phenobarbital  in  rats.  In  this  study,  DMI  was 
used  as  a  model  substrate  to  investigate  the  influence  of  moderate  Fluosol 
hemodilution  on  P4502D6  activity  in  rats.  DMI  total  body  clearance  was 
not  influenced  by  Fluosol  hemodilution.  This  was  an  anticipated  outcome 
since  phenobarbital  had  a  negligible  effect  on  DMI  metabolism,  and 
Fluosol  and  phenobarbital  affect  the  same  isoenzymes.  DMI  Vjjgg  was 
increased  at  0.5  hour  after  hemodilution,  but  decreased  from  24-72  hours. 
The  decreased  Vj-jss  is  most  likely  due  to  increased  concentrations  of  alpha- 
1-acid-glycoprotein.  Thus,  Fluosol  hemodilution  is  not  expected  to 
influence  the  hepatic  P4502D6  activity  in  man.  However,  Fluosol  may  have 
marked  influences  on  the  apparent  volumes  of  distribution  of  basic  drugs 
that  bind  to  alpha-l-acid-glycoprotein. 
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INTRODUCTION 

Imipramine  (IMI)  is  predominantly  metabolized  in  rat  liver 
microsomes  by  cytochrome  P-450  isoenzymes  to  desipramine 
(desmethylimipramine,  DMI)  by  aliphatic  N-demethylation,  and  2- 
hydroxyimipramine  by  aromatic  2-hydroxylation.  These  primary 
metabolites  are  further  2-hydroxylated  and  N-demethylated,  respectively, 
to  the  common  secondary  metabolite  2-hydroxydesipramine  (20H-DMI). 
DMI  also  undergoes  N-demethylation  to  didesmethylimipramine  (DDMI). 
The  2-hydroxylated  metabolites  of  IMI  and  DMI  are  further  conjugated  to 
glucuronides  [1, 2]. 

It  has  been  demonstrated  that  N-demethylation  and  2-hydroxylation 
are  mediated  by  two  different  isoenzymes  [1,  2].  It  was  recently  reported 
that  rats  and  humans  have  the  same  cytochrome  P-450  isoenzyme  involved 
in  the  2-hydroxylation  of  dextromethorphan  and  debrisoquin  [3];  the 
isoenzyme  is  designated  as  P4502D6  in  humans  [4],  Genetic  polymorphism 
is  a  prominent  feature  of  P4502D6  function  in  humans;  5-10%  do  not 
express  the  isoenzyme  [5, 6]. 

Moderate  Fluosol  hemodilution  has  previously  been  reported  to 
influence  the  activity  of  the  phenobarbital  inducible  P4502B1  and  P4502B2 
isoenzymes  in  rats  [7,  8].  In  this  study,  the  influence  of  Fluosol 
hemodilution  on  P4502D6  activity  in  rats  is  reported.  DMI  was  chosen  as 
the  P4502D6  isoenzyme  substrate  since  in  vitro  human  and  rat  liver 
microsome  studies  have  shown  that  the  formation  of  20H-DMI  accounts 
for  approximately  80%  of  DMI  clearance  [5, 6,  9]. 

MATERIALS  AND  METHODS 

Fluosol  was  donated  by  Alpha  Therapeutics,  Inc.  (Los  Angeles,  CA) 
and  prepared  as  directed  within  0.5  hour  of  use.  For  intravenous 
administration,  a  solution  of  desipramine  hydrochloride  (Sigma  Chemical 
Co.,  St.  Louis,  MO)  10  mg'mL  was  prepared  in  distilled  water.  HPLC 
solvents  and  buffers  were  obtained  from  commercial  vendors.  Male 
Sprague-Dawley  albino  rats,  320  ±  25  grams  (mean  ±  SD),  were  used 
without  abstinence  from  food  or  water. 
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The  study  protocol  and  procedures  were  identical  to  those  previously 
reported  for  the  P4502B1  and  P4502B2  activity  studies  [7].  Rats  were 
partially  exchanged  with  40  mlVkg  of  Fluosol  and  received  a  5  mg/kg 
desipramine  dose  at  0.5,  24,  48,  or  72  hours  after  the  exchange.  One  group 
of  rats,  serving  as  controls,  were  not  exchanged,  but  dosed  with 
desipramine.  The  group  designations  are  CONT  for  the  control  group,  and 
0.5HF,  24HF,  etc.  for  the  time  (in  hours)  following  the  exchange  that  the 
animals  received  the  desipramine  dose. 

Blood  samples  were  collected  in  heparinized  polypropylene  tubes  at 
15,  30,  60,  90,  120,  240,  and  420  minutes,  and  the  plasma  harvested.  For 
HPLC  analysis,  0.1  mL  of  plasma  was  taken,  0.075  mL  of  imipramine 
hydrochloride  (0.0025  mg/mL,  internal  standard),  5  mg  of  sodium 
carbonate,  and  1  mL  of  hexane  were  added.  The  mixture  was  shaken  for  5 
minutes,  centrifuged  for  2  minutes,  the  aqueous  layer  frozen  in  dry  ice,  and 
the  organic  layer  collected  and  evaporated  under  nitrogen.  The  residue 
was  reconstituted  with  0.12  mL  of  methanol,  and  samples  were  injected 
into  the  chromatograph.  The  common  practice  of  acid  back  extraction  was 
not  done  since  unidentified  peaks  were  found  when  desipramine  was  back 
extracted  into  O.IM  HCl  in  polypropylene  centrifuge  tubes  [10]. 

Desipramine  plasma  concentrations  were  determined  with  a  5 
micron  CN  (250x4.6mm  i.d.)  Alltech  column  and  a  mobile  phase  of 
methanol:acetonitrile:buffer  (43:47:10)  at  a  flow  rate  of  1.1  mL/min.  The 
buffer  was  0.012M  KH2PO4  adjusted  to  pH  6.7.  Absorbency  was  monitored 
at  254  nm  (0.005  AUFS)  and  the  peak  area  ratio  of  desipramine  to  internal 
standard  was  determined.  Standard  curves  were  prepared  using  plasma 
from  unexchanged  animals  or  rats  exchanged  with  Fluosol. 

A  two-compartment  pharmacokinetic  model  was  fit  to  the  plasma 
concentration  versus  time  data  using  the  nonlinear  regression  program 
NLIN  of  SAS  (SAS  Institute,  Cary,  NC).  Plasma  concentrations  were 
weighted  by  their  reciprocal  squared  since  the  coefficient  of  variation  was 
dependent  upon  the  concentration  assayed.  Parameter  estimates  from  the 
fitted  data  were  used  to  subsequently  calculate  desipramine  half-life  (ti/2), 
clearance  (Cl),  and  volume  of  distribution  at  steady-state  (V^gg).  The 
significance  of  difference  between  any  group  was  assessed  with  the 
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Wilcoxon  Rank  Sums  (Kruskal-Wallis  test)  with  a  probability  of  p^0.05 
considered  statistically  significant. 

RESULTS 

The  hemodilution  procedure  used  in  this  study  reduced  the 
hematocrit  approximately  50%  (data  not  shown);  the  reductions  were  very 
similar  to  data  previously  reported  [11].  The  animals  underwent  the 
hemodilution  procedure  and  subsequent  pharmacokinetic  study  without 
supplemental  oxygen.  There  was  no  averaged  weight  change  for  any 
group  during  the  study  period. 

Table  I  shows  the  DMI  parameters  determined  from  the  two 
compartment  fittings  of  plasma  concentration  versus  time  data.  DMI  Cl 
was  significantly  greater  than  CONT  in  the  0.5HF  group,  but  was 
decreased  for  24-72  hours.  The  48HF  and  72HF  groups  did  not  reach  the 
level  of  significance. 

Vdss  was  increased  in  the  0.5HF  group,  although  it  was  not 
statistically  different  than  CONT  due  to  the  large  variation  (SD).  Values 
were  decreased  in  all  other  groups;  statistically  different  V^ss  values  were 
found  in  the  24HF  and  72HF  groups.  Since  Cl  and  V^jss  varied  in  the  same 
direction  within  each  group,  the  dependent  parameter  tj/2  was  not  found 
to  be  different  from  CONT. 


DISCUSSION 

Previous  studies  evaluating  DMI  pharmacokinetics  in  male  rats  have 
reported  a  range  of  \.\j2  values  from  3.3  to  13.0  hours  [12-17].  DMI  doses 
ranged  from  5  mg/kg  to  25  mg/kg  in  these  studies.  In  the  current  study,  a  5 
mg4cg  desipramine  dose  was  administered  and  the  averaged  tj/2  th® 
CONT  group  was  5.3  hours.  The  tx/2  values  in  the  earlier  studies  were 
primarily  obtained  using  a  one  compartment  model  to  fit  a  limited  number 
(3  or  4)  of  DMI  concentration  values.  A  two  compartment  fit  was  clearly 
required  to  adequately  describe  the  DMI  plasma  concentration  profile  in 
the  present  study. 

The  V(^ss  of  DMI  was  reported  to  be  25  l/kg,  and  plasma  Cl  could  be 
estimated  to  be  54  ml/min/kg  [13].  In  this  current  study,  both  V^ss  ^^d  Cl 
were  less  than  the  previous  report.  Confidence  in  the  previous  study  is 
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TABLE  I.  Averaged  desipramine  pharmacokinetic  parameters  at  various 
times  following  hemodilution  with  40  mt/kg  Fluosol. 


Parameter  CONT  0.5  HF  24  HF  48HF  72  HF 

Cl  32.9±1.3'^  93.3±33.7"  14.9±1.2*  23.6±12.6  29.8±5.9 

(ml/min/kg) 

12217±1824  23069±  15637  3137±482’^  7384±  3528  5984±1843* 

(ml/kg) 

tjy2  316.3±  68.7  224.5±152.0  224.5±35.4  400.8±  359.1  200.3±43.7 

(min) 


'*’Mean±S.D. 

■^Significantly  different  from  CONT  (p<0.05);  n=3-5 


reduced  since  a  one  compartment  model  was  used  to  fit  a  limited  number 
of  DMI  plasma  values,  and  radiolabelled  DMI  was  used.  DMI  undergoes 
N-demethylation  to  DDMI,  which  has  a  longer  t|/2  than  DMI  [12]. 

DMI  Cl  appears  to  change  in  a  transient  manner  for  the  first  24  hours, 
but  returns  to  CONT  values  after  that  time.  The  lack  of  a  prolonged  Fluosol 
hemodilution  influence  on  DMI  Cl  was  not  unexpected.  Several  reports 
have  established  that  both  Fluosol  and  phenobarbital  induce  the  same 
isoenzymes  (P4502B1  and  P4502B2)  in  rats  [see  7  and  8  for  additional 
references].  The  influence  of  phenobarbital  on  DMI  metabolism  in  male 
Sprague-Dawley  rats  was  found  to  be  negligible  [13,  17].  Therefore,  it  was 
anticipated  that  Fluosol  hemodilution  would  have  a  minimal  influence. 

DMI  V(jss  reduced  after  24  hours  and  remained  depressed  for  72 
hours.  The  most  plausible  explanation  for  this  decrease  is  an  increased 
alpha-l-acid-glycoprotein  (AAG)  concentration  secondary  to  Fluosol 
hemodilution.  DMI  is  known  to  bind  to  AAG,  as  well  as  apolipoprotein  B, 
and  complement  C3q  [6].  In  vitro  studies  have  demonstrated  that  AAG  in 
phenobarbital  treated  rats  binds  DMI  more  strongly  than  control  rats  [17, 
18].  Further,  it  was  reported  that  serum  AAG  concentrations  increase  in 
phenobarbital  treated  rats.  Since  Fluosol  and  phenobarbital  influence  the 
same  hepatic  isoenzymes  regulating  drug  metabolism,  they  may  also 
influence  the  same  enzymes  regulating  AAG  production. 
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PERFLUOROCARBON  DISTRIBUTION  TO  LIVER,  LUNG  AND 
SPLEEN  OF  EMULSIONS  OF  PERFLUOROTRIBUTYLAMINE 
(FTBA)  IN  PIGS  AND  RATS  AND  PERFLUOROOCTYL  BROMIDE 
(PFOB)  IN  RATS  AND  DOGS  BY  NMR  SPECTROSCOPY. 

A.J.  McGoronl,  R.  Pratt^,  J.  Zhang^,  Y.  Shiferaw^,  S.  Thomas^  and  R.  Millard^ 
Departments  of  Pharmacology  and  Cell  Biophysics  ^  and  Radiology^ 
University  of  Cincinnati,  Cincinnati,  Ohio  USA  45267-0575 

Perfluorocarbon  emulsion  (FCE)  particles  are  reported  to  be  taken  up  by  the 
reticuloendothelial  system  (RES)  and  ultimately  eliminated  by  the  lung.  This 
distribution  provides  an  opportunity  to  measure  oxygen  partial  pressure  in  vivo 
with  fluorine  -19  magnetic  resonance  imaging  (^^F  MRI).  Since  the  MR  image 
signal-to-noise  ratio  is  directly  proportional  to  the  fluorine  concentration  in  the 
tissue,  a  greater  concentration  of  perfluorocarbon  (PFC)  in  the  tissue  will  result  in  a 
greater  confidence  in  the  oxygen  image  and  reduce  measurement  time.  It  was 
postulated  that  the  biodistribution  of  PFC  administered  in  emulsion  form  may 
depend  on  species  RES  or  FCE  composition.  The  distribution  of  an  emulsion 
(OxypheroU^-E.T.)  containing  perfluorotributylamine  (FTBA)  5  days  after 
administration  to  pigs  (11  g  FTBA/kg  body  weight  i.p.)  and  rats  (19  g  FTBAAg 
i.p.)  and  an  emulsion  (Oxygent™)  containing  perfluorooctyl  bromide  (PFOB)  7 
days  after  administration  to  dogs  (11  g  PFOB/kg  i.v.)  and  5  days  after 
administrations  to  rats  (19  g  PFOB/kg  i.p.)  was  analyzed  by  F-19  NMR 
spectroscopy  of  tissue  samples.  PFC  concentrations  in  spleen  are  2  to  3  times 
those  in  liver.  This  pattern  appears  to  be  independent  of  PFC  emulsion  or  species. 
In  contrast,  lung  PFC  content  was  less  than  that  in  the  liver  and  showed  a 
dependence  upon  both  species  and  PFC  emulsion. 
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INTRODUCTION 

Success  in  the  development  of  efficacious  blood  substitutes  intended  for 
human  use  has  lead  to  novel  perfluorocarbon  emulsions  (FCE)  [1].  However,  to 
date  only  one  formulation  containing  perfluorodecalin  and  perfluorotripropylamine 
(Fluosol-DA™,  Alpha  Therapeutics  Corp.,  Los  Angeles,  CA)  has  gained  FDA 
approval  for  human  use.  Other  formulations  containing  other  perfluorocarbons  and 
perfluorocarbon  mixtures  are  currently  under  development  (Oxygent™  ,  Alliance 
Pharmaceutical  Corp.  [2];  HM351,  Hemagen/PFC  Corp.;  in  other  articles  in  this 
volume).  FCEs  may  have  advantages  over  conventional  crystalloid  volume 
expanders  due  to  their  greater  oxygen  solubility  [3],  Magnetic  resonance  imaging 
(MRI)  has  been  used  to  image  the  intravascular  space  as  well  specific  organs  (e.g. 
liver,  lung  and  spleen)  in  which  the  perfluorocarbon  (PFC)  perfluorotributylamine 
(FTBA)  is  preferentially  concentrated  [4].  The  biodistribution  of  injected  PFC  to 
certain  organs,  especially  those  of  the  reticuloendothelial  system  (RES),  provides 
an  opportunity  to  measure  oxygen  partial  pressure  in  vivo  with  ^^F  NMR  [5,6,7]. 
Tissue  oxygen  maps  of  liver,  lung  and  spleen  have  been  obtained  based  on  the 
effect  of  paramagnetic  molecular  oxygen  which  reduces  the  measured  ^^F  Ti 
relaxation  time. 

NMR  signal  to  noise  ratio  is  directly  proportional  to  the  PFC  concentration 
in  the  tissue.  A  larger  PFC  concentration  provides  a  greater  confidence  in  the 
oxygen  image  and  reduces  measurement  time.  Pigs  have  been  reported  to 
accumulate  PFC  in  their  lungs  in  the  same  proportion  as  their  liver  [4]  compared  to 
rats  which  accumulate  lesser  quantities  in  their  lungs  [8].  Some  species  (pigs)  have 
acute  cardiovascular  reactions  to  i.v.  administration  of  emulsions  not  evident  with 
i.p.  injections.  FCE  containing  perflubron  (perfluorooctyl  bromide,  PFOB)  was 
administered  to  dogs  (i.v.)  and  rats  (i.p.)  while  FCE  containing 
perfluorotributylamine  (FTBA)  was  administered  to  pigs  (i.p.)  and  rats  (i.p.)  to 
compare  biodistribution  of  PFC  following  either  i.v.  or  i.p.  administration.  We 
hypothesized  that  the  distribution  and  elimination  of  PFC  is  independent  of  the 
route  of  administration  or  FCE  formulation. 

MATERIALS  AND  METHODS 

Male  beagle  dogs  (8-12  kg,  n=3)  were  chronically  instrumented  with 
medical  grade  tygon  catheters  in  the  femoral  artery  and  vein.  The  catheters  were  led 
subcutaneously  to  exit  in  the  mid  dorsal  region  for  subsequent  FCE  administration 
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and  blood  sampling.  After  a  four  day  recovery  period  the  conscious  animals  were 
given  1  Ig  PFC/kg  body  weight  PFOB  emulsion  (Oxygent™,  90%  w/v)  i.v.  Seven 
days  later  animals  were  euthanatized  and  liver,  lung  and  spleen  were  weighed. 
Tissue  samples  were  stored  at  -20°C  for  subsequent  ^^F  NMR  spectroscopic 
analysis  of  specific  PFC  content 

Farm  raised  swine  (8-12  kg,  n-5,  female)  were  given  atropine  (80  Jig/kg, 
i.m.)  to  reduce  salivation  and  preanesthetized  with  ketamine  (10  mg/kg,  i.m.)  to 
allow  anesthesia  with  sodium  thiamylal  (10  mg/kg,  i.v.)  initially  and  with 
supplemental  doses  as  required  for  stage  3  anesthesia  throughout  the  procedure. 
Warm  (37°  C)  Oxypherol™-E.T.  (500  ml  of  emulsified  FTBA  20%  w/v.  Alpha 
Therapeutics  Corporation,  Los  Angeles,  CA)  was  administered  by  gravity  through 
a  sterile  14  ga  needle/catheter  inserted  transcutaneously  into  the  peritoneal  cavity. 
The  animals  were  allowed  to  recover  and  were  conscious  and  upright  within  an 
hour.  Four  days  later  each  animal  was  euthanatized  and  liver,  lung  and  spleen 
samples  were  weighed  and  stored  for  specific  PFC  content  determination  by  ^^F 
NMR  spectroscopy. 

Rats  were  anesthetized  with  sodium  pentobarbital  (35  mg/kg)  and  warmed 
FCE  (19  g  PFC/kg  body  weight  of  either  Oxypherol'^^-E.T.,  n=6  or  Oxygent'^^^ , 
n=3)  was  administered  by  injection  through  a  sterile  18  ga  needle/catheter  inserted 
into  the  peritoneal  cavity.  Five  days  later  the  animals  were  euthanatized  and  liver, 
lung  and  spleen  were  weighed  and  stored  for  NMR  spectroscopy. 

RESULTS 

Conscious  unsedated  dogs  showed  no  reaction  during  or  after  intravenous 
infusion  of  Oxygent™ .  No  animals  receiving  i.p.  injections  (pigs  or  rats)  showed 
any  reaction  or  response  to  the  FCE  after  recovering  from  the  anesthesia.  All 
animals  behaved  normally  during  the  period  between  drug  infusion  and  euthanasia. 
No  PFC  could  be  detected  by  centrifugation  or  ^^F  spectroscopy  in  the  blood  of 
animals  at  the  time  of  euthanasia.  Comparisons  were  made  using  an  unpaired 
Student’s  t  test  at  the  95%  significance  level.  In  every  case  the  spleen  contained 
more  PFC  per  gram  tissue  than  other  organs  examined  (Table  I).  Rat  spleens  did 
not  contain  twice  the  PFC  concentration  as  in  the  spleen  of  pigs  or  dogs  despite 
their  being  given  nearly  double  the  PFC/kg  body  weight  dose. 

Concentration  of  PFC  in  tissue  was  normalized  by  dividing  the  measured  g 
PFC  per  g  tissue  by  the  initial  PFC  dose  (g  PFC  per  kg  body  weight).  The  pigs 
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TABLE  I:  Distribution  of  PFC  (MEAN  ±SEM,  g  PFC/g  tissue)  to  liver,  spleen  and 
lung  7  days  after  administration  to  dogs  or  after  5  days  in  pigs  or  rats 


Species 

PFC  (route) 

Liver 

Spleen 

Lung 

Beagle  (n=3) 

PFOB  (i.v.) 

0.09  ±0.01 

1  0.32  ±0.02  1 

0.04  ±0.02 

Rat  (n=3) 

PFOB  (i.p.) 

0.15  ±0.01 

0.12  ±0.00 

Rat  (ri=6) 

FTBA  (i.p.) 

0.13  ±0.01 

0.03  ±0.01 

Pig  (n=5) 

FTBA  (i.p.) 

0.10  ±0.01 

1  0.37  ±0.03  1 

0.10  ±0.01 

retained  significantly  more  FTBA  in  their  spleen  (93%,  p  <  0,01)  and  lung  (433%, 
p  <  0.001)  than  did  rats  (Figure  1).  Rats  administered  perflubron  emulsion 
retained  more  PFC  in  their  spleen  (52%,  p  <  0.05)  and  lung  (279%,  p  <  0.001) 
than  rats  administered  perfluorotributylamine  emulsion  (Figure  2).  PFOB 
distribution  to  liver,  spleen  and  lung  of  beagles  and  rats  was  not  different  when 
normalized  to  initial  dose  (Figure  3).  Liver  concentrations  of  PFC  were  not 
different  among  three  species  and  two  PFCs  when  normalized  to  initial  dose. 

CONCLUSIONS 

Intraperitoneal  injection  of  perfluorocarbon  emulsion  is  a  safe  and  effective 
technique  to  load  RES  organs  with  perfluorocarbon  allowing  them  to  be  imaged  by 
MRI.  PFC  is  compartmentalized  primarily  into  spleen,  liver  and  lung. 
Intraperitoneal  injection  of  11  g  FTBA/kg  as  Oxypherol™-E.T.  is  sufficient  to 
obtain  Dp  MR  images  and  greater  amounts  of  PFC  may  not  be  taken  up  by  RES 
organs  and  tissues.  Pig  lungs  sequester  greater  amounts  of  PFC  than  do  lungs  of 
other  species,  although  this  may  be  PFC  or  emulsion  composition  dependent. 
Staub  [9]  and  Winkler  [10]  showed  a  species  dependence  on  pulmonary 
intravascular  macrophages  which  may  be  responsible  for  the  acute  hemodynamic 
response  following  intravenous  injection  of  emulsion  or  particle  suspension  in  pigs 
observed  by  us  [11]  and  others  [12].  To  avoid  this  response,  pigs  were 
administered  FCE  by  i.p.  injection.  The  intravascular  macrophages  may  also 
provide  a  mechanism  for  enhanced  uptake  of  FCE  or  other  liposomes  in  the  lungs 
of  pigs  and  other  related  species  [13].  Pulmonary  macrophages  may  account  for 
the  larger  amount  of  FTBA  in  the  pig  lung  compared  to  those  of  the  rats  given  twice 
the  amount  of  Oxypherol™-E.T.  by  the  same  route  of  administration.  There  were 
only  slightly  greater  concentrations  of  PFOB  in  rat  lungs  compared  to  FTBA  in  pig 
lungs  despite  double  the  loading.  Macrophages  and  monocytes  in  the  spleen  take 


Liver  Spleen  Lung 


FIGURE  1:  FTBA  content  in  Pig  and  Rat  tissue  (MEAN  ±SEM) 
normalized  to  initial  dose.  (*  p  <  0.01) 


Liver  Spleen  Lung 

FIGURE  2:  PFC  content  in  Rat  tissue  (MEAN  ±SEM) 

normalized  to  initial  dose.  (*  p  <  0.01,  **  p  <  0.05) 


Liver  Spleen  Lung 


FIGURE  3:  PFOB  content  in  Beagle  and  Rat  tissue  (MEAN  ±SEM) 
normalized  to  initial  dose. 
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up  large  quantities  of  FCE  particles  [14]  which  may  account  for  the  preferential 
uptake  of  PFC  by  spleen  as  noticed  for  each  species  and  PFC  regardless  of  the 
route  of  administration. 

Pulmonary  macrophages  can  not  explain  the  dramatic  difference  in  the  PFC 
content  of  the  lung  of  rats  given  PFOB  compared  to  those  given  FTBA.  The 
concentration  of  PFOB  in  rat  lung  and  spleen  was  greater  than  FTBA  despite  being 
given  the  same  total  PFC  dose.  Perfluorocarbon  structure  or  PFC  emulsion 
formulation  may  also  affect  it’s  biodistribution  and  elimination.  Molecular  weight 
may  be  the  greatest  determining  factor  for  PFC  elimination  [15].  Critical  solution 
temperature  (CST),  a  function  of  the  number  of  fluorine  and  carbon  atoms  in  the 
PFC  and  thus  a  function  of  molecular  weight,  and  vapor  pressure,  which  is 
inversely  related  to  molecular  weight,  have  been  shown  to  correlate  with  PFC 
whole  body  half  life  [16,17].  FTBA.  (Ci2f'27N)  has  a  higher  CST  but  a  lower 
vapor  pressure  than  PFOB  (CgFnBr)  both  of  which  probably  contribute  to 
FTBA’s  longer  tissue  retention  time.  The  lipophilic  nature  of  PFOB  as  well  as  a 
higher  vapor  pressure  (as  compared  to  FTBA)  may  result  in  increased  uptake  in  rat 
lung  but  also  may  allow  a  more  rapid  elimination  from  the  body  [15].  The  PFC 
concentration  in  beagle  organs  (PFOB  administered  i.v.)  was  lower  than  in  organs 
in  all  other  subjects  (pigs  and  rats  administered  PFC  i.p.).  Even  though  twice  as 
much  PFC  was  given  to  the  rats  compared  to  the  pigs  or  dogs  there  was  not  a 
significantly  greater  concentration  of  PFC  in  the  spleens  of  either  rat  group.  This 
may  indicate  that  the  accumulation  of  PFC  by  the  spleen  becomes  saturated  at  less 
than  1 1  g  PFC/kg  body  weight. 

Following  i.v.  doses  of  4  g/kg  FTBA  less  than  0.1%  was  eliminated  by 
feces  and  none  by  urine  over  2  weeks  post  FCE  injection  [18].  The  time  for  half  of 
an  administered  dose  of  5  g  PFOB/kg  body  weight  i.v.  from  rats  to  be  eliminated 
via  respiration  was  11  days  and  longer  for  larger  doses  [19]  suggesting  that  much 
less  than  half  of  the  PFC  initially  administered  was  lost  before  euthanasia  in  our 
study.  Normalized  to  initial  dose  the  liver,  lung  and  spleen  of  beagles  and  rats 
given  the  same  PFC  (PFOB)  but  by  different  routes  (i.v.  and  i.p.  respectively) 
retained  the  same  amounts  of  PFC  per  gram  tissue  suggesting  that  the 
biodistribution  of  PFC  may  be  independent  of  the  route  of  FCE  administration. 
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LUNG  FUNCTIONS  AFTER  INTRAVENOUS  OR 
INTRAPERITONEAL  ADMINISTRATION  OF  PERFLUOROOCTYL 
BROMIDE  (PFOB)  OR  PERFLUOROTRIBUTYLAMINE  (FTBA) 

EMULSIONS 

R.W.  Millard  and  A.J.McGoron 
Department  of  Pharmacology  and  Cell  Biophysics 
University  of  Cincinnati,  Cincinnati,  Ohio  USA  45267-0575 

ABSTRACT 

The  biomechanical  and  oxygen  transfer  functions  of  lungs  of  animals 
administered  intravenous  or  intraperitoneal  fluorocarbon  emulsions  containing 
either  perfluorotributylamine  or  perfluorooctyl  bromide  4  to  7  days  earlier  were 
tested  in  a  porcine  and  a  canine  model.  Lung  fluorocarbon  content  was  measured 
by  NMR  spectroscopy.  The  existence  of  fluorocarbon  in  the  lung  tissue 
produced  no  measurable  effects  on  lung  compliance  variables  in  vivo  or  ex  vivo  nor 
on  steady  state  oxygen  transfer  from  air  to  blood  over  a  wide  range  of  inspired 
oxygen  partial  pressures. 


INTRODUCTION 

Fluorocarbon  emulsions  administered  as  blood  substitutes  or  vascular 
imaging  agents  have  intravascular  residence  times  that  are  dose  dependent  and  range 
from  10  to  24  hours  and  perhaps  longer  depending  upon  emulsion  characteristics 
[1-3].  Disappearance  from  the  blood  pool  occurs  as  the  lipid  coated  fluorocarbon 
particles  are  snatched  up  by  circulating  and  tissue  resident  cells,  predominantly 
located  in  liver,  spleen,  bone  marrow  and  lung.  Particles  in  circulation  may  be 
acquired  by  tissues  through  pinocytosis  into  endothelial  cells  [4].  This  is  followed 
by  transfer  of  flurocarbon  to  tissue  parenchymal  cells  and  then  to  circulating 
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monocytes  by  phagocytosis [5].  Such  phagocytic  cells  (e.g.,  Kupffer  cells  of  the 
liver  venous  sinusoids)  may  serve  to  convey  the  fluorocarbon  from  the  original 
tissue  deposition  site  to  distant  tissues  where  they  can  adhere  to  the  vascular 
(capillary  or  venous)  circuits  or  invade  the  tissue  proper  to  become  permanent 
residents  (e.g.,  interstitial  neutrophils  in  the  lung  parenchyma). 

In  some  species  (e.g.,  swine),  significant  hemodynamic  sequelae 
accompany  intravascular  administration  of  even  small  volumes  of  lipid- 
fluorocarbon  emulsions  [6].  Fluorocarbons  administered  in  emulsion  form  have, 
been  demonstrated  to  distribute  to  all  organs  of  the  reticulo-endothelial  system 
whether  administered  by  intravascular  or  intraperitoneal  routes  [1,7].  As 
intraperitoneal  administration  of  fluorocarbon-lipid  emulsions  is  not  accompanied 
by  adverse  hemodynamic  responses  we  used  this  route  in  swine  studies  to  "load" 
the  lung  with  fluorocarbon.  The  transfer  of  fluorocarbon  from  the  peritoneal  space 
to  the  lung  is  postulated  to  follow  either  or  both  of  two  pathways;  (1)  slow 
lymphatic  drainage  from  the  peritoneal  cavity  into  the  blood  stream  with  direct 
uptake  by  endothelial  and  phagocyte  cells  within  the  lung,  and  (2)  transcapillary 
movement  of  emulsion  particles  across  the  abdominal  microcirculation  leading  to 
initial  liver  sequestration  of  fluorocarbon  and  subsequent  redistribution  to  the  lung, 
spleen,  etc. 

The  lung  serves  both  as  a  repository  and  the  major  elimination  site  for 
administered  fluorocarbons.  Fluorocarbons  have  the  potential,  based  on  their 
physico-chemical  properties,  to  dissolve  large  quantities  of  gases  [8-10]  and  have 
been  reported  to  cause  alterations  in  lung  anatomy  [11].  Accordingly,  we 
postulated  that  fluorocarbon  containing  lungs  would  exhibit  biomechanical 
properties  and  gas  exchange  functions  different  from  those  of  control  normal  lungs. 
We  also  considered  the  possibility  that  the  lipid  used  to  formulate  the  fluorocarbon 
emulsion  might  also  contribute  to  any  observed  differences  as  intravenous 
administrations  of  fatty  acids  and  lipid  emulsions  have  been  shown  to  reduce 
arterial  oxygen  tension  in  animal  models  [12,13]  and  in  humans  with  adult 
respiratory  distress  syndrome  [14].  Such  differences  in  fluorocarbon  lipid 
emulsion  treated  animals  should  be  more  evident  in  those  receiving  intravascular 
fluorocarbon  emulsion  administration. 

MATERIALS  AND  METHODS 

Beagle  dogs  (8-12  kg,  n=4)  were  chronically  instrumented  with 
polyethylene  catheters  in  the  femoral  artery  and  vein  under  ketamine  (10  mg/kg. 
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i,m.)  and  sodium  thiamylal  (10  mg/kg,  i.v.)  anesthesia.  Additional  doses  of 
sodium  thiamylal  were  administered  throughout  the  procedure  as  needed.  The 
catheters  were  fed  subcutaneously  to  the  mid  dorsal  region  and  exited  for 
subsequent  administration  of  perfluorocarbon  emulsion  (FCE)  and  blood  sampling. 
After  a  four  day  recovery  period  three  animals  were  given  1  Ig  PFC/kg  body  weight 
perfluorooctyl  bromide  (PFOB,  perflubron,  Alliance  Pharmaceutical  Corp.,  San 
Diego,  CA)  as  a  90  %  w/v  emulsion  (Oxygent™HT)[15]  i.v.  while  conscious  over 
30  min.  The  fourth  dog  was  given  an  equal  volume  of  normal  saline. 

Female  farm  raised  swine  (8-12  kg,  n=6)  were  anesthetized  with  ketamine 
(10  mg/kg,  i.m.)  and  sodium  thiamylal  (10  mg/kg,  i.v.)  with  supplemental  doses  as 
required  throughout  the  procedure.  Warm  (37  °C)  emulsion  containing  10  %  w/v 
perfluorotributylamine  (FTBA,  Oxypherol-E.T.,  Alpha  Therapeutics  Corporation, 
Los  Angeles,  CA,  n=5)  or  saline  (n=2)  was  administered  into  the  peritoneal  cavity 
to  avoid  acute,  transient  cardiovascular  responses.  The  animals  were  given  a  total 
dose  of  1 1  g  PFC/kg  body  weight  and  allowed  to  recover.  Animals  were  conscious 
and  ambulatory  within  an  hour  after  administration. 

Arterial  blood  PO2  was  measured  1,2,  3,  6,  24,  48,  72  and  168  hours  after 
FCE  (n=2)  or  saline  (n=l)  administration  to  unsedated  beagles  while  breathing 
room  air.  Blood  perfluorocarbon  concentrations  were  measured  statically  using  ^^F 
NMR  spectroscopy  (360  MHz). 

Four  (pigs)  to  seven  (beagles)  days  later  each  animal  was  anesthetized  with 
sodium  pentobarbital  (25-35  mg/kg  i.v.)  and  mechanically  ventilated  with  room  air 
at  10/min  and  300  mL  tidal  volume.  Inspired  oxygen  was  varied  from  that  of  room 
air  to  600  torr  in  the  right  lateral  recumbent  position  as  arterial  blood  oxygen  level 
was  monitored  at  steady  state  (5  min  constant  breathing).  Oxygen  supplementation 
was  provided  at  the  respirator  inlet  using  carbogen  (95%/5%  :  O2/CO2)  at  1  L/min 
increments  from  zero  (room  air)  to  5  L/min.  Inspired  (beagles)  or  expired  (pigs)  air 
(50  mL)  and  arterial  blood  (1  mL)  samples  were  analyzed  for  oxygen  partial 
pressure  using  a  blood  gas  analyzer  (Blood  Micro  System,  Radiometer).  At  the  end 
of  each  experiment  the  animal  was  euthanatized  with  an  overdose  of  sodium 
pentobarbital.  Liver,  lung  and  spleen  was  weighed  and  samples  were  stored  at  -20° 
C  for  later  PFC  tissue  content  measurement  by  ^^F  NMR  spectroscopy  [7]. 

In  situ  pulmonary  biomechanical  assessment  was  made  in  fully  anesthetized 
animals  by  measurement  of  rate  of  pressure  rise  (inflation  phase),  rate  of  pressure 
fall  (deflation  phase)  and  peak  airway  pressure  as  tidal  volume  was  varied  by  100 
mL  steps  from  150  to  700  to  150  mL  at  an  ambient  atmospheric  end-expiratory 
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pressure.  Tidal  volume  was  delivered  by  a  positive  pressure  oscillating  mechanical 
respirator  (Harvard  Instruments,  Millis,  MA)  at  a  constant  ventilation  rate  of  10 
breaths/min  with  an  inspiration :expiration  ratio  of  one.  Ex  vivo  measurements  were 
made  in  a  similar  fashion  on  one  lung  lobe  placed  in  a  non-confining  plastic 
enclosure  to  evaluate  the  influence  of  the  thorax  and  diaphragm  on  in  vivo 
biomechanics. 

RESULTS 

Small  changes  in  arterial  blood  PO2  from  baseline  (pre  dose)  were  observed 
after  FCE  or  saline  administration  to  beagles  (Table  1).  Arterial  blood  samples 
were  obtained  from  2  of  3  beagles  receiving  Oxygent^HT  intravenously.  An 
average  of  30%  of  the  perfluorooctyl  bromide  (perflubron,  PFOB)  administered 
i.v.  was  removed  from  the  blood  compartment  within  1  hour.  And  after  3  days  less 
than  25%  of  the  original  perfluorocarbon  remained  in  the  blood.  By  day  7  no 
perfluorooctyl  bromide  was  detected  by  NMR  spectroscopy  in  the  blood 
compartment.  Visual  inspection  of  blood  samples  subjected  to  centrifugation  for 
hematocrit  and  fluorocrit  were  consistent  with  these  findings. 

Postmortem  tissue  analysis  by  NMR  spectroscopy  revealed  0.042 
±0.015  (MEAN  +SEM)  g  PFOB/g  tissue  in  beagle  lungs  and  0.097  ±0.010  g 
PFTA/g  in  pig  lungs.  No  differences  in  the  inspired  or  expired  air  to  arterial  blood 
PO2  gradient  was  observed  between  FCE  and  saline  treated  animals.  Regression 
equations  of  arterial  blood  PO2  vs  airway  PO2  between  FCE  and  saline  treated 
groups  for  each  species  reveal  no  significant  changes  between  treatment  and 
controls  (Figures  1  and  2).  There  were  no  detectable  amounts  of  perfluorocarbon 
in  the  blood  of  any  animal  at  the  time  when  this  study  of  lung  oxygen  transfer 
function  or  biomechanics  was  conducted. 

No  changes  in  pulmonary  mechanics  were  observed  in  either  in  vivo  or  ex 
vivo  beagle  lungs  7  days  after  i.v.  administration  of  either  Oxygent™HT  or  saline. 
Peak  inflation  pressure  and  the  rate  of  pressure  rise  and  fall  as  tidal  volume  was 
increased  from  150  to  750  and  back  to  150  mL  in  in  vivo  lungs  or  during  tidal 
volume  changes  from  5  to  30  to  5  mL/g  lung  tissue  in  ex  vivo  lung  lobes  were  not 
different  between  PFOB  and  saline  treated  beagles. 

DISCUSSION 

In  mechanicaly  ventilated  anesthetized  beagles,  FCE  administered  as 
Oxygent™HT  intravenously  7  days  earlier  did  not  appear  to  affect  steady  state 
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TABLE  I:  Arterial  blood  PO2  of  conscious  beagles  breathing  room  air  at  baseline 
(B)  and  up  to  168  hours  after  Oxygent™HT  (F)  or  saline  (S)  infusion. 


Beagle  # 

B 

1 

2 

3 

6 

24 

48 

72 

168 

Beagle  #1  (F) 

67 

81 

78 

81 

71 

82 

82 

79 

65 

Beagle  #2  (F) 

84 

77 

91 

84 

84 

84 

76 

74 

N/A 

Beagle  #3  (S) 

74 

64 

75 

82 

85 

71 

63 

79 

58 

RA2  =  0.99 


1.00 


FIGURE  1 :  Arterial  blood  PCh  vs  inspired  PO2  seven  days  after  1 1  g  PFOB 

(administered  as  Oxygent™-H.T.)  or  12  mL  saline  per  kg  body  weight 
i.p.  to  beagles. 


FIGURE  2:  Arterial  blood  PO2  vs  expired  PO2  four  days  after  1 1  g  FTBA 

(as  Oxypherol-E.T.)  or  50  mL  saline  per  kg  body  weight  i.v.  to  pigs. 
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oxygen  transfer  from  the  lungs  to  the  arterial  blood  over  the  range  of  inspired  PO2 
from  120  to  600  torr.  There  were  no  consistent  acute  effects  of  Oxygent™HT  on 
arterial  blood  PO2  of  dogs  during  spontaneous  room  air  breathing.  In  dogs  with 
low  hematocrit  (Hct=10-12%)  100%  oxygen  breathing  was  reported  previously  to 
increase  mixed  venous  PO2  significantly  after  6.3  g  PFOB/kg  body  weight  i.v,  [16] 
In  severely  anemic  (Hct<7%)  newborn  sheep  treated  with  a  FTBA  emulsion  to 
achieve  a  higher  fluorocrit  (Fct=18%)  100%  oxygen  breathing  increased  arterial 
P02from  317  to  419  torr  [17]. 

In  the  present  study  there  was  no  perfluorocarbon  was  detected  in  the 
bloodby  high  field  specific  l^F-NMR  spectroscopy  at  the  time  the  physiological 
studies  were  performed.  Fluorocarbon  quantities  measured  in  lung  tissue  were 
sufficient  for  in  vivo  measurement  of  tissue  oxygen  levels  by  ^^F-NMR  imaging 
methods  [7,  18].  When  the  animals  were  mechanically  ventilated  neither 
enhancement  nor  inhibition  of  air  to  blood  oxygen  transfer  across  the  lung  at 
steady-state  ventilation  condition  could  be  inferred  from  the  data.  In  the  dog  and 
pig  administered  perfluorotributylamine  or  perfluorooctyl  bromide  as  emulsions, 
there  appears  to  be  neither  benefit  nor  detriment  to  oxygen  transfer  by  lungs 
confirmed  to  contain  tissue  bound  perfluorocarbon s.  We  were  unable  to  identify 
any  significant  deviation  from  the  norm  of  any  pulmonary  biomechanical  variable 
(i.e.,  peak  inflation  pressure  over  a  range  of  inflation  volumes,  inflation  and 
deflation  pressure- volume  curves)  measured  in  the  lungs  in  vivo  or  ex  vivo.  This 
observation  and  that  where  we  found  no  effect  on  steady  state  oxygen  transfer  from 
air  to  blood  are  clearly  drawn  from  a  small  sample  set  and  from  two  species,  two 
routes  of  administration  and  two  different  fluorocarbons.  Nevertheless,  our  results 
do  not  appear  the  implications  of  the  observations  reported  by  Clark  et  al.  [11]  in 
rabbits  where  lung  deflation  was  impaired  after  intravenous  fluorocarbon  emulsion 
administration  or  intratracheal  instillation  of  neat  fluorocarbon  liquid.  We  believe 
that  our  study  allows  examination  of  the  role  of  both  lung  fluorocarbon  and 
emulsion  lipid  on  important  lung  functions.  We  can  not  refute  observations  in 
rabbits  noted  above  as  this  species  may  be  uniquely  sensitive  to  fluorocarbon  and 
emulsions  thereof  administration.  However,  we  do  assert  that,  4  and  7  days  after 
administration  of  fluorocarbon  emulsions  by  different  routes  and  doses  in  both  the 
canine  and  porcine  model,  biomechanical  and  oxygen  transfer  functions  of  lungs 
containing  fluorocarbon  were  essentially  normal. 
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EFFECT  OF  PERFLUOROCHEMICALS  ON  LIVER  DETOXICATION 

ENZYMES 

V.V.  Obraztsov  and  D.G.  Shekhtman 
Institute  of  Cell  Biophysics 
Russian  Academy  of  Sciences 
Pushchino,  Russia 


The  purpose  of  the  present  review  is  to  report  on  studies  by  Russian  scientists 
dealing  with  the  induction  of  liver  microsomal  enzymes  by  perfluorochemicals 
(PFCs).  The  results  of  these  investigations  have  mainly  been  published  in  Russian 
journals  and  thus,  are  not  widely  available. 

Though  investigations  on  the  interaction  of  microsomal  cytochrome  P-450 
with  fluorocarbons  were  started  more  than  20  years  ago,  there  have  not  been  many 
attempts  to  study  the  problem  [1-4].  The  question  of  the  effect  of  PFCs  upon  the 
activity  of  liver  cytochrome  P-450-dependent  monooxygenase  system  began  to 
draw  the  attention  of  researchers,  after  the  phenomenon  of  cytochrome  P-450 
induction  in  animal's  liver  following  PFC  administration  had  been  observed  [5]. 
The  induction  of  enzymes  of  the  cytochrome  P-450-dependent  monooxygenase 
system  after  injection  of  various  xenobiotics  is  a  well-studied  process.  Nonetheless, 
the  induction  of  the  cytochrome  enzymes  by  compounds,  biological  inertness  of 
which  has  been  agreed-upon,  turned  out  to  be  rather  unexpected.  A  sharp  increase 
(2-4-fold)  of  the  cytochrome  P-450  content  in  liver  microsomal  membranes  was 
observed  a  few  days  after  fluorocarbon  injection  in  animals.  Later  the  above  results 
were  reproduced  in  a  number  of  laboratories  [6-10],  and  to  date  the  phenomenon 
has  been  generally  recognized. 

Cytochrome  P-450  induction  by  PFCs  appears  to  have  two  important  aspects. 
One  of  them  refers  to  physico-chemical  properties  of  fluorocarbon  inducers  [11]. 
Only  PFCs  of  high  solubility,  both  in  lipids  and  water,  have  been  found  to  be  able 
to  induce  cytochrome  P-450  in  animal’s  liver.  Since  the  physico-chemical 
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properties  of  PFCs  appear  to  be  related  to  each  other,  an  enhancement  of 
fluorocarbon  solubility  in  water  and  lipids,  caused  by  a  diminution  in  molecular 
weight,  increases  inevitably  the  vapor  pressure  of  PFCs.  Vapor  pressure  is  critical 
if  PFCs  are  injected  intravenously:  the  pressure  increase  exceeding  30  mm  Hg 
causes  mortality  as  a  result  of  gas  embolia.  Thus,  a  number  of  fluorocarbon 
inducers  of  cytochrome  P-450  are  shown  to  be  limited  by  the  molecules  with  the 
amount  of  atoms  close  to  C9-C12  and  F16-F21,  and  molecular  weight  close  to 
400-550.  A  presence  of  heteroatoms  in  a  fluorocarbon  molecule,  as  well  as  its 
structural  properties,  are  of  no  significance  for  the  determination  of  cytochrome 
inductive  capacities  of  PFCs.  It  is  the  PFCs  of  this  range  that  are  found  to  be 
rapidly  excreted  from  organism  and  are  used  for  preparation  of  blood  substituting 
emulsions. 

A  more  important  problem  is  concerned  with  the  forms  of  cytochrome  P-450 
synthesizing  in  liver  in  response  to  fluorocarbon  injection.  Two  groups  are  known 
to  be  distinguished  among  xenobiotics-inducers  [12].  Barbiturates  and  other 
compounds  causing  a  so-called  phenobarbital  (PB)  type  of  induction  and 
reinforcing  the  detoxicating  effect  of  the  liver  monooxygenase  system,  belong  to 
the  first  group.  The  second  group  includes  polycyclic  aromatic  carbohydrates, 
dioxines,  polychlorinated  biphenyls  and  other  compounds  producing  a 
methylcholantrene  type  of  induction.  In  the  latter  case  the  monooxygenase  system 
involved  in  the  metabolism  of  xenobiotics,  changes  them  into  products  possessing 
toxic,  cancerogenic  and  mutagenic  properties.  An  extensive  investigation  of  the 
cytochrome  P-450  forms  synthesizing  after  injection  of  fluorocarbons,  in  particular 
perfluorodecalin  (PFD),  has  been  undertaken. 

PFD  induces  in  rat  liver  microsomes  the  cytochrome  P-450  forms  whose 
immunological  properties  and  substrate  specificity  correspond  to  those  of  the 
phenobarbital-type  cytochrome  P-450.  Moreover,  the  cytochrome  P-450  forms 
isolated  from  liver  of  PFD-  and  PB-treated  animals  revealed  their  similarity  in  a 
number  of  properties:  chromatographic  behavior  on  DEAE-Sephacel  column, 
molecular  weight  determined  by  SDS -electrophoresis  in  PAAG  and  peptide 
mapping  [13-15].  It  should  particularly  be  emphasized,  that  unlike  polychlorinated 
biphenyls,  having  a  structure  similar  to  that  of  PFD,  the  latter  did  not  induce  even 
traces  of  methylcholantrene  forms  of  cytochrome  P-450  [16].  The  results  described 
are  an  obvious  confirmation  of  the  fact  that  fluorocarbon  blood  substitutes  do  not 
possess  cancerogenic  and  mutagenic  capacities. 
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The  absence  of  induction  of  the  cytochrome  P-450  methylcholantrene  forms 
nonetheless  does  not  withdraw  the  question  weather  the  induction  of  liver 
cytochrome  P-450  is  to  be  considered  as  a  side  effect  of  the  PFC-based  blood 
substitutes.  An  analysis  of  peculiarities  of  fluorocarbon  -  microsomal  cytochrome 
P-450  interaction  shows  the  following  cytochrome  P-450-dependent  side-effects  of 
fluorocarbon  blood  substitute  administration  which  might  exist: 

1.  PFCs,  uncoupling  microsomal  hydroxylation,  increase  the  rate  of  NADPH 
oxidation  [2].  An  exhaustion  of  NADPH  pool  revealed  in  particular  under 
perfusion  of  isolated  liver  by  a  substrate  of  monooxygenase,  aminopyrine  has  been 
shown  to  inhibit  gluconeogenesis  and  lipogenesis  [17]. 

2.  PFCs  change  the  stoichiometry  of  oxidase  reactions  catalyzed  by 
microsomal  cytochrome  P-450  [18]. 

3.  Prolonged  induction  of  a  phenobarbital-type  liver  monooxygenase  can  lead 
to  considerable  changes  in  a  spectrum  and  a  concentration  of  some  physiologically- 
important  endogenous  compounds  which  are  metabolized  by  cytochrome  P-450. 

4.  The  induction  of  liver  monooxygenase  after  fluorocarbon  injection  leads  to 
a  disconnection  of  the  xenobiotic  biotransformation  process,  the  phase  I  of  which  is 
monooxygenase  reactions,  and  phase  II  -  conjugation  reactions.  In  this  case,  the 
increase  of  the  amount  of  reactive  intermediates  formed  to  a  level  which  can  not  be 
effectively  handled  by  the  deactivating  conjugation  reactions  resulting  in  adverse 
effects  [19]. 

An  experimental  analysis  of  the  possible  cytochrome  P-450-dependent  side 
effects,  mentioned  above,  has  been  carried  out  in  a  number  of  works.  It  has  been 
shown,  that  under  PFD  injection  to  animals  a  concentration  of  NADH  and 
NADPH  in  liver  as  well  as  that  of  glucose  in  blood,  remains  constant  throughout 
the  induction  [20].  During  uncoupling  microsomal  hydroxylation  by  PFCs  (the 
authors  [18]  studied  perfluorohexene,  whose  binding  with  microsomal  cytochrome 
P-450  is  similar  to  that  of  PFD  [20]),  no  accumulation  of  any  active  and  potentially 
dangerous  products,  namely,  hydrogen  peroxide  and  superoxide  radicals,  has  been 
observed.  Reducing  equivalents  of  NADPH  in  microsomal  system,  uncoupled  by 
fluorocarbon,  were  presumably  spent  for  a  production  of  water.  If  fluorocarbon  is 
injected,  no  disconnection  of  reactions  in  phases  I  and  II  of  xenobiotic 
biotransformation  has  been  found  since  the  induction  of  monooxygenase  enzymes 
is  accompanied  by  an  activation  of  the  main  conjugation  enzymes:  microsomal 
glutathione  S-transferase  and  UDP-glucuronosyl  transferase  [21].  The  increase  in 
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the  activities  of  microsomal  GT-ST  and  UDP-GT,  being  in  spatial  closeness  to 
cytochrome  P450,  is  a  favorable  factor  which  makes  it  possible  to  compensate  the 
high  rate  of  xenobiotic  oxidation  by  cytochrome  P-450  upon  increasing  the  rate  of 
conjugation  of  active  metabolites  with  endogenic  glutathione  and  UDP-glucuronic 
acid. 

The  problem  concerning  the  effect  of  the  liver  microsomal  enzyme  induction 
upon  the  metabolism  of  endogenic  substrates  (including  fatty  acids,  sterols, 
prostaglandins,  bilirubin,  etc)  remains  still  rather  complex  for  experimental 
investigation.  It  is  also  complicated  by  the  capacity  of  fluorocarbons,  in  particular 
PFD,  to  competitively  inhibit  binding  of  substrates  to  cytochrome  P-450  and  to 
decrease  the  rates  of  monooxygenase  reactions.  Thus,  the  simultaneous  inhibition 
and  induction  of  monooxygenase  enzymes  after  administration  of  PFCs  to  animals 
can  cause  considerable  uncertainty  concerning  the  rates  of  various  monooxygenase 
reactions  [22]. 

Thus,  the  absence  of  any  obvious  causes  for  the  development  of  the  adverse 
effects  due  to  the  cytochrome  P-450  induction,  the  results  of  observations  in  the 
animals  whose  cytochrome  P-450  were  induced  for  a  long  time  by  PFCs  [6,8],  and 
lastly  an  extensive  experience  of  fluorocarbon  blood  substitutes  both 
experimentally  and  in  clinical  medicine,  indicates  that  the  induction  of  liver 
phenobarbital-type  cytochrome  P-450  is  an  adaptive  rather  than  a  pathological 
reaction  of  a  healthy  organism  to  the  presence  of  a  fluorocarbon  xenobiotic. 
However,  these  findings  suggest  the  use  of  fluorocarbon  blood  substitutes  would 
be  contra-indicated  in  patients  with  liver  poisoning  or  liver  pathology. 

Although  the  idea  of  a  pharmacologic  implication  of  liver  microsomal 
enzyme  induction  was  advanced  by  Conney  25  years  ago  [23],  only  a  few  attempts 
have  been  made  to  study  this  further  [24].  The  main  obstacle  has  been  the  fact 
that  both  the  usual  carbohydrate  xenobiotic  inducers  and  the  products  of  their 
hydroxylation  are  physiologically  active,  i.e.  besides  inducing  microsomal 
enzymes  they  cause  narcotic  sleep,  have  an  unfavourable  therapeutic  effect  and 
may  prove  to  be  poisons  (in  particular,  carcinogenic).  In  this  respect  PFCs  are 
the  most  neutral  compounds  meeting  fully  the  requirements  of  a  "non-drug 
xenobiotic  inducer.  To  date  a  few  experimental  studies  have  been  undertaken  to 
use  the  fluorocarbon  induction  of  microsomal  enzymes  for  treatment  and 
prophylactic  purposes. 
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Thus,  a  preliminary  administration  of  PFD-containing  emulsion  effectively 
increased  the  protective  action  of  antidotes  (atropine  +  dipyroxime)  increasing  the 
resistance  of  the  rats  by  approximately  20-fold  of  organophosphorous  pesticides 
[25].  A  similar  positive  result  was  obtained  when  rats  were  poisoned  with  sodium 
fluoroacetate  [26].  The  induction  of  microsomal  enzymes  after  i.p.  injection  of  PFD 
to  animals  was  also  found  to  weaken  an  allergic  reaction  of  the  organism  .  PFD 
administration  to  guinea  pigs  and  mice  both  before  sensitization  and  during  the 
development  of  sensitization  reduced  the  degree  of  hypersensitive  reactions  of 
immediate  (to  hen  egg  protein)  and  delayed  (to  sheep  red  blood  cells)  types  [27].  In 
addition,  the  liver  microsomal  enzyme  induction  by  PFCs  increased  anticancer 
action  of  some  drugs. 

Treatment  of  mice  with  PFD  (0.5  ml  per  one  mice)  produced  a  2.5-fold 
increase  in  the  antineoplastic  activity  of  ftorafur  [5-fluoro-l-(tetrahydro-2- 
furyi)uracil  ]  determined  by  a  reduction  of  leukocytes  and  of  hepatoma  H-2-73 
weight  as  well  as  Lewis  lung  carcinoma  resistance  to  ftorafur  alone  [28]. 

The  experimental  data  amassed  about  the  PFC  effect  upon  liver  microsomal 
enzymes,  as  well  as  a  wealth  of  experience  on  cytochrome  P-450  induction  by 
other  compounds,  suggests  some  positive  sequels  resulting  from  fluorocarbon 
blood  substitute  application  in  clinic  medicine.  Assuming  that  the  main  features  of 
the  microsomal  enzyme  induction  process  after  PFC  administration  to  animals  can 
be  extrapolated  to  humans,  the  following  effects  may  be  expected: 

1.  PFC  emulsions  inhibit  temporarily  the  detoxication  function  of  liver  before 
the  induction  occurs,  thus  worsening  a  state  of  a  patient  suffering  acute  toxicosis. 

2.  After  development  of  the  liver  microsomal  enzyme  induction,  certain 
changes,  both  in  pharmacokinetics  and  pharmacodynamics  of  some  drugs,  should 
be  expected,  requiring  changes  in  the  traditional  dosage. 

3.  Fluorocarbon  blood  substitutes  can  potentate  an  activity  of  the  drugs, 
whose  pharmacologic  effects  are  related  to  the  products  of  their  hydroxylation  by 
microsomal  enzymes.  Depending  on  the  specific  clinical  situation  and  the  type  of 
the  drug  used,  both  positive  and  negative  effects  of  PFC  application  might  be 
expected. 

Nonetheless,  when  analyzing  possible  sequels  from  human  liver  microsomal 
enzyme  induction  caused  by  fluorocarbon  blood  substitute  application,  it  should  be 
kept  in  mind,  that  the  cytochrome  P-450-dependent  monooxygenase  system  is 
rather  plastic.  A  high  variability  (  34-fold)  of  cytochrome  P-450  content  is  known 
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to  be  the  case  in  liver  of  a  healthy  human  population  [29],  and  2-3-fold  deviaton  of 
the  activity  of  the  human  liver  monooxygenase  system  activity  from  the  average 
value,  as  estimated  by  an  antipyrine  test  in  healthy  humans,  is  observed  [30].  On 
the  other  hand,  monooxygenase  system  activity  as  well  as  its  inducibility  by 
xenobiotics  in  humans  is  dependent  on  the  individual  and  is  genetically  determined, 
(depends  on  sex,  age,  nutrition  regime,  organism  immune  status  etc.)  [31].  Taking 
these  facts  into  account,  it  can  be  concluded  that  an  increase  of  phenobarbital-type 
cytochrome  P-450  in  the  human  organism  following  fluorocarbon  blood  substitute 
administration  may  not  essentially  affect  a  patient's  state.  The  generally  positive 
experience  with  experimental  and  clinical  applications  of  fluorocarbon  blood 
substitutes  confirms  this  assumption. 

Obviously,  the  investigation  of  the  PFC  -  microsomal  cytochrome  P-450 
interaction  is  of  great  importance  for  the  evaluation  of  side-effects  of  fluorocarbon 
blood  substitutes.  Furthermore,  fluorocarbon  emulsions  are  of  interest  for  use  as 
drugs  for  the  activation  of  liver  detoxic  function. 
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MIXED  FLUOROCARBON/HYDROCARBON  MOLECULAR  DOWELS 
HELP  PROTECT  CONCENTRATED  FLUOROCARBON  EMULSIONS 
WITH  LARGE  SIZE  DROPLETS  AGAINST  COALESCENCE 
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ABSTRACT  :  Mixed  fiuorocarbon/hydrocarbon  amphiphiles,  the  so-called 
molecular  dowels,  have  previously  been  reported  to  strongly  stabilize  concentrated 
(90%  w/v,  i.e.  47%  w/v)  submicronic  size  perfluorooctyl  bromide  emulsions 
emulsified  by  egg  yolk  phospholipids.  The  dowel  molecules,  used  in  equimolar 
amounts  with  phospholipids,  enable  the  preparation  of  emulsions  with  large-sized 
particles  which  are  impossible  to  obtain  with  phopholipids  alone.  We  report  here 
that  molecular  dowels  (C6F13C10H21,  F6H10)  also  hinder  droplet  coalescence 
induced  by  mechanical  stress  in  sterilized  emulsions  with  average  particle  sizes 
ranging  from  ca  1  to  16  p.m.  In  contrast,  the  addition  of  equimolar  amounts  of 
perfluorodecyl  bromide  was  found  to  have  little  influence  on  these  emulsions' 
resistance  to  mechanical  stress.  This  is  consistent  with  the  view  that  mixed 
fiuorocarbon/hydrocarbon  dowels  are  held  in  the  interfacial  film  and  reinforce  its 
cohesion  with  the  fluorocarbon  phase. 

INTRODUCTION 

One  key  to  further  development  of  fluorocarbon  emulsions  is  the  optimal 
adjustment  of  their  physico-chemical  and  biological  properties,  i.e.  average  particle 
size,  viscosity,  biodistribution,  in  vivo  recognition,  etc,  to  the  specific  requirements 
of  each  therapeutic  application  [1]. 
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Stability  upon  transport  and  storage  is  a  decisive  condition  for  the  convenient 
use  of  these  tailor-made  emulsions.  It  has  been  shown  [2]  that  highly  concentrated 
submicronic  fluorocarbon  emulsions  coarsen  through  molecular  diffusion 
(transcondensation)  of  the  fluorocarbon,  which  arises  from  its  low  but  nevertheless 
finite  solubility  in  the  water  phase.  As  a  result,  large  particles  grow  at  the  expense 
of  smaller  ones  [3].  For  sufficiently  large  particles,  coalescence  starts  prevailing  as 
the  main  degradation  process  [4],  These  two  mechanisms  result  in  an  irreversible 
evolution  of  average  droplet  size  and  size  distribution. 

Different  approaches  to  fluorocarbon  emulsion  stabilization  have  been  used 
[5].  One  involves  the  addition  to  the  fluorocarbon  of  an  additive  which  is  more 
insoluble  in  the  aqueous  phase  than  the  fluorocarbon  itself,  i.  e.  a  fluorocarbon  with 
a  higher  boiling  point.  The  solubility  and  vapour  pressure  of  the  dispersed 
fluorocarbon  in  the  continuous  phase  are  then  decreased,  and  the  emulsion  is 
protected  against  molecular  diffusion  [6]. 

A  more  recently  developed  concept  for  emulsion  stabilization  involves  the  use 
of  an  equimolar  association  of  phospholipids  and  of  a  mixed 
fluorocarbon/hydrocarbon  amphiphile  [  5].  The  latter  acts  like  a  molecular  dowel 
between  the  phospholipids’  fatty  acid  chains  and  the  fluorocarbon.  Strong 
stabilization  of  submicronic  emulsions  has  been  observed,  with  essentially  no 
growth  of  the  average  particle  size  after  the  annealing  period,  even  when  the 
emulsions  were  stored  for  9  months  at  40°C  [7,8].  We  have  also  reported  that 
molecular  dowels  allow  the  preparation  of  concentrated  stable  perfluorooctyl 
bromide  (perflubron)  emulsions  with  efficient  control  of  their  average  particle  sizes 
over  a  wide  range  of  sizes  (from  caO.\  to  16  qm  post- sterilization)  [8].  The  large 
particle  emulsions  (>  ca  3  qm)  were  impossible  to  obtain  using  phospholipids 
alone,  indicating  the  cohesive  effect  of  the  mixed  fluorocarbon/hydrocarbon 
amphiphiles  between  the  phospholipid  membrane  and  the  fluorocarbon  droplet. 

Our  objective  in  this  work  was  to  investigate  whether  molecular  dowels  also 
improve  the  resistance  of  fluorocarbon  emulsions  against  accelerated  coalescence 
and  to  compare  any  observed  effect  with  that  obtained  by  adding  a  heavier 
fluorocarbon.  Perfluorooctyl  bromide  (perflubron)  was  selected  as  the  fluorocarbon 
to  be  emulsified,  C6F13C10H21  (F6H10)  as  the  molecular  dowel  [9],  and 
perfluorodecyl  bromide  (CioF2iBr),  a  higher  homologue  of  perflubron,  as  the 
heavy  fluorocarbon.  Similarly  sized  perflubron  emulsions  were  prepared  using 
EYP  or  equimolar  mixtures  of  EYP/F6H10  or  of  EYP/CioF2iBr.  A  mechanical 
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stress  test  was  used  to  assess  the  resistance  of  the  emulsions  to  coalescence.  The 
amount  of  free  (unemulsified)  perflubron  present  after  vigorous  shaking  and 
centrifugation  was  measured.  The  improved  resistance  to  coalescence  observed  for 
the  dowel-based  emulsions  will  be  discussed  with  respect  to  the  role  of  the  dowel 
molecule  on  the  structuration  of  the  fluorocarbon/water  interface. 

MATERIALS  AND  METHODS 

Perfluorooctyl  bromide  (CgFnBr,  perflubron,  bp  140.5°C)  was  supplied  by 
Hoescht  (Germany).  The  dowel  molecule  used  (C6F13C10H21,  F6H10)  was 
synthesized  and  purified  in  the  Laboratory  (98%  purity,  assessed  by  GC)  according 
to  [10].  Perfluorodecyl  bromide  (CioFaiBr,  bp  198°C)  was  supplied  by  Atochem 
(France).  Injectable  grade  egg  yolk  phospholipids  (EYP  Lipoid  80)  was  purchased 
from  Lipoid  KG  (Germany). 

Preparation  of  the  emulsions 

The  ingredients  were  premixed  using  an  Ultra-Turrax  mixer  model  T50  (Ika- 
Labortechnik,  Germany)  fitted  with  the  G45MF  probe.  Emulsification  was 
achieved  using  a  Rannie  homogenizer  Mini-Lab  type  8.30H  (APV-Rannie, 
Denmark),  using  the  ceramic  cylinder  configuration.  Sterilization  was  achieved 
under  standard  conditions  (15  min,  121°C,  15  psi).  Average  particle  size  and 
particle  size  distribution  histograms  were  measured  by  photosedimentation  (Horiba 
analyzer,  model  Capa-700,  Japan)  after  sterilization  (±10%). 

The  elaboration  of  the  EYP-based  concentrated  (90%w/v,  i.e.  47%  v/v) 
emulsions  of  perflubron,  stabilized  or  not  by  the  dowel  molecule,  was  achieved 
according  to  [8].  For  the  preparation  of  the  CioF2iBr-based  emulsions,  equimolar 
amounts  of  CioF2iBr  with  respect  to  the  phospholipids,  i.e.  0.12  to  0.31%  w/v, 
were  added  to  the  perflubron  phase  prior  to  premixing. 

Accelerated  coalescence 

The  sterilized  emulsions  were  submitted  to  a  mechanical  stress  test,  using  a  to 
and  fro  shaker  (amplitude  30  mm)  model  HS  501  D  (Ika-Labortechnik,  Germany). 
The  7  mL-size  vials  (constant  head- space  1.4  mL)  were  attached  parallel  to  the 
direction  of  the  throw  and  allowed  to  shake  for  the  appropriate  amount  of  time  (15- 
60  min)  at  a  frequency  of  200  strokes/minute.  The  totality  of  the  sample  was  then 
poured  into  a  graduated  centrifuge  tube  and  the  vial  carefully  rinsed  with  water.  The 
stressed  emulsion  was  centrifuged  (1500  rev.min'l  for  10  min,  room  temperature), 
after  which  the  volume  of  free  fluorocarbon  present  was  measured.  As  no  annealing 
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period  was  observed  in  the  ageing  of  large-sized  (>  l|im)  emulsions,  the  test  was 
undertaken  on  freshly  sterilized  emulsions  [8]. 

RESULTS  AND  DISCUSSION 

Effect  of  molecular  dowels  or  perfluorodecyl  bromide  on  the  emulsions' 
preparation. 

The  preparation  of  three  series  of  concentrated  (90%  w/v)  heat-sterilized 
perflubron  emulsions  was  attempted  1)  with  phospholipids  alone  in  concentrations 
ranging  from  0.05  to  0.40%  w/v,  2)  with  equimolar  amounts  of  phospholipids 
(concentrations  as  above)  and  of  the  F6H10  dowel  molecule  (0.03  to  0.24%  w/v) 
and  3)  with  equimolar  amounts  of  phospholipids  (concentrations  as  above)  and  of 
CioF2iBr  (0.04  to  0.31%  w/v).  Table  I  shows  the  formulations  of  the  various 
emulsions  prepared  and  the  average  particle  sizes  measured  after  sterilization. 

As  reported  earlier  [8],  emulsions  with  average  droplet  sizes  larger  than  ca?>.\ 
±  0.3  qm  (with  EYP  =  0.20%)  cannot  be  prepared  with  EYP  alone.  It  is  now 
shown  that  the  addition  of  CioF2iBr  allows  the  preparation  of  slightly  larger 
droplets  (i.e.  4.7  +  0.5  p,m  with  EYP/CioF2iBr  =  0.15/0.12%).  On  the  other  hand, 
particles  as  large  as  16  ±  1.6  \im  with  as  low  as  0.05%  of  phospholipids  could  only 
be  prepared  with  the  dowel  molecule  (0.03%). 

The  fact  that  the  dowel  molecules  enable  the  preparation  of  emulsions  with 
much  larger  droplet  sizes  with  3-times  less  surfactant,  indicates  that  the  dowel 
molecule  has  a  co-surfactive  effect  and  participates  to  the  structurating  of  the 
phospholipid  membrane.  The  evaluation  of  the  preparation  of  even  larger  particle 
size  emulsions  is  in  progress. 

Resistance  to  mechanical  stress-induced  coalescence 

A  severe  mechanical  stress  test  was  applied  to  the  freshly  sterilized  emulsions 
prepared  with  EYP/F6H10,  EYP/CioF2iBr  and  EYP  alone,  in  order  to  induce 
coalescence  of  the  fluorocarbon  droplets.  The  variation  of  the  amount  of  free 
perflubron  present  after  a  45-min  shaking  period  is  plotted  as  a  function  of  the 
emulsions'  average  particle  size  in  Figure  1 . 

A  linear  variation  is  observed  (r^  >  0.95),  indicating  lower  resistance  to  the 
accelerated  coalescence  test  as  average  particle  size  is  increased.  It  can  be  seen  that 
the  dowel-stabilized  emulsions,  from  1.1  to  16  qm,  resist  stress  significantly 
better  than  both  the  emulsions  prepared  with  EYP  alone  and  those  prepared  with 
CioF2iBr,  over  the  domain  of  sizes  which  can  be  prepared,  i.e.  respectively  from 
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TABLE  I :  Description  of  the  differently  sized  perflubron  (90%  w/v)  emulsions. 


EMULSION  FORMULATIONS 

AVERAGE  PARTICLE  SIZE  (pm) 

EYP 

F6H10 

CioF2iBr 

EYP-  based 

EYP/F6H10-based 

EYP/CioF2iBr- 

%  (w/v) 

%  (w/v) 

%  (w/v) 

emulsions 

emulsions 

based  emulsions 

0.40 

0.24 

0.32 

1.22+0.12 

1.12±0.11 

1.10±0.11 

0.30 

0.16 

0.24 

2.3±0.2 

2.0±0.2 

2.110.2 

0.20 

0.12 

0.16 

3.1L0.3 

2.8±0.3 

2.710.3 

0.17 

0.10 

0.13 

* 

3.9±0.4 

4.110.4 

0.15 

0.09 

0.12 

* 

4.7±0.5 

4.710.5 

0.10 

0.06 

0.08 

* 

6.1±0.6 

* 

0.07 

0.04 

0.06 

* 

lOil.O 

* 

0.05 

0.03 

0.04 

* 

16+1.6 

* 

*  No  stable  emulsion  can  be  prepared. 


FIGURE  1  :  Amounts  of  free  perflubron  present  after  45  minutes  of  shaking  (200 
strokes/min)  as  a  function  of  the  average  particle  sizes  of  freshly  sterilized 
emulsions  prepared  with  a)  EYP  alone,  b)  equimolar  amounts  of  EYP  and  F6H10, 
c)  equimolar  amounts  of  EYP  and  CioF2lBf- 
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ca  1.2  to  3.1  lim  and  from  ca  1.1  to  4.7  [Lm.  It  is  noteworthy  that  even  if 
emulsions  with  slightly  larger  sizes  than  those  prepared  using  EYP  alone  can  be 
prepared  using  the  EYP/CioF2iBr  mixture,  no  significant  stabilization  effect  has 
been  noted  with  regards  to  the  larger  droplets'  coalescence. 

These  results  clearly  indicate  that  mixed  fluorocarbon/hydrocarbon 
amphiphiles  improve  the  mechanical  properties  of  the  fluorocarbon/water  interfacial 
film  by  enhancing  the  cohesion  of  the  lipid  membrane  around  the  fluorocarbon 
droplets.  This  result  is  supported  by  the  comparison  with  CioF2iBr,  which  is 
known  to  stabilize  the  emulsions  by  reducing  the  rate  of  molecular  diffusion. 
Stabilization  by  using  molecular  dowels  can  thus  be  considered  to  be  more  efficient, 
since  these  molecules  are  able  to  counteract  both  molecular  diffusion  and 
coalescence. 
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AMPHIPHILIC  SUGAR  PHOSPHATES  WITH  SINGLE  OR 
DOUBLE  PERFLUOROALKYLATED  HYDROPHOBIC  CHAINS 
FOR  USE  IN  OXYGEN  AND  DRUG  DELIVERY  SYSTEMS 
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ABSTRACT:  New  anionic  amphiphiles  with  a  phosphate  ester  junction  between  the 
fluorophilic-lipophilic  tail  and  the  sugar-based  hydrophilic  head  were  synthesized 
and  evaluated.  The  single  hydrophobic  chain  surfactants  la,b  and  2a  allowed  the 
preparation  of  stable  and  fine  highly  concentrated  emulsions  of  perfluorodecalin  or 
perfluorooctyl  bromide,  either  when  used  alone  or  in  conjunction  with  egg  yolk 
phospholipids  (EYP).  Surfactants  3d,  5d,  6d  and  6e,  with  two  hydrophobic 
chains,  one  fluorinated  the  other  not,  gave  liposomal  structures,  and  displayed 
encapsulation  properties  for  carboxyfluorescein.  The  phosphodiesters  tested  cause 
no  significant  inhibition  of  the  growth  and  viability  of  Namalva  cell  cultures  (0.1-1 
gfL  range).  Single  chain  phosphodiesters  manifest  no  detectable  hemolytic  activity 
(at  100  g/L  for  la)  whereas  double  chain  compounds  do  moderately  {ca  20% 
hemolysis  at  20  g/L).  The  maximum  tolerated  dose  compatible  with  the  survival  of 
all  of  a  series  of  10  intravenously  injected  mice  is  in  130  mg/kg  body  weight  range. 

INTRODUCTION 

In  vivo  administration  of  oxygen  using  fluorocarbon  emulsions  has  become  a 
major  objective,  and  intensive  research  is  devoted  to  optimizing  the  emulsions' 
characteristics  for  specific  applications  [1].  Likewise  delivery  of  drugs  by  means  of 
vesicles,  which  overcomes  such  problems  as  premature  drug  breakdown,  drug 
release  level,  targetting,  longevity,  necessitates  improved  control  over  the 
characteristics  and  properties  of  membranes  [2].  In  both  cases,  improved  control  of 
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the  fluorocarbon  droplet  or  vesicle's  particle  size,  size  distribution,  charge, 
stability,  in  vivo  recognition,  intravascular  persistence,  biodistribution  etc,  are 
desirable.  Consequently,  the  design  and  development  of  well-defined 
biocompatible  amphiphiles  with  modular  molecular  structures,  to  be  used  as 
membrane  constituants,  stabilizers  and  surface  modifiers,  are  primordial. 

In  view  of  the  results  obtained  so  far  1)  on  emulsion  stabilization  with  neutral  or 
amphoteric  perfluoro-  (or  F-)  alkylated  surfactants  [3],  or  with  mixed  fluorocarbon- 
hydrocarbon  amphiphiles  (the  so-called  molecular  dowels)  [4],  and  2)  on  the 
exceptionally  high  stability  of  liposomes  formed  by  F-alkylated  glycerophospho- 
cholines  [5],  we  decided  to  synthesize  and  evaluate  new  anionic  amphiphiles  with  a 
phosphate  ester  junction  between  the  fluorophilic-lipophilic  tail  and  the  sugar-based 
hydrophilic  head  (fig.  1).  Such  amphiphiles  also  allow  the  introduction  of  a 
relatively  hidden  negative  charge  in  the  interfacial  surfactant  film  which  makes 
bilayer  rigid  surfaces  [6] . 

Among  these  amphiphiles,  compounds  1-2,  which  have  a  single  F-alkylated 
hydrophobic  tail,  were  evaluated  for  stabilizing  emulsions,  while  the  others,  3-6, 
which  have  an  unsymmetrical  mixed  double-chain  tail  (one  being  fluorinated),  were 
evaluated  for  their  ability  to  form  supramolecular  structures.  Hydrocarbon 
counterparts,  Ic  and  6f,  were  synthesized  to  evaluate  the  impact  of  the  F-alkyl 
chain  on  the  physicochemical  and  biological  behavior  of  these  surfactants. 

MATERIALS  AND  METHODS 

Synthesis:  The  phosphodiesters  la-c  and  2a  were  prepared  in  ca  60%  yield  (based 
on  consumed  sugar)  in  three  steps  from  POCI3  [7a].  In  spite  of  the  need  of  a  two¬ 
fold  excess  of  the  F-alkylated  alcohol,  this  procedure  was  efficient  and  convenient 
since  no  column  chromatography  purification  was  needed.  Compounds  3-6  were 
synthesized  through  a  three-step  //-phosphonate  route  [7b].  This  method  does  not 
require  an  excess  of  sugar,  is  easy  to  handle,  and  gives  good  yields  (50-70%); 
moreover,  all  the  intermediates  formed  are  stable  in  air  at  room  temperature. 
Biocompatibility:  The  products  were  tested  according  to  [8]. 

Preparation  of  emulsions  (50%  wlv)  by  sonication:T\\t  preparation  of  12  mL  of 
F-decalin  (FDC,  Air  products,  USA)/surfactant  [50/3%  (w/v)]  emulsions  was 
achieved  by  first  sonicating  the  surfactant  (360  mg)  in  water  for  injection  (8.55  mL) 
in  an  ice-cooled  rosette  cell,  until  total  dispersion,  then  adding  FDC  (6  g)  and 
sonicating  until  no  significant  improvement  in  average  particle  size  or  particle  size 
distribution  was  observed. 


AMPHIPHILIC  SUGAR  PHOSPHATES 


1275 


R  = 


a  1  CgF  (CH2)2  ;  b  :  (CH2)2;  C  :  C10H21.  d  :  -  HC 


_H(<^^4C6Pl3 

(CH2)8CH3 


^^(CH2)9CH3 

*  ■  “^^2)8013 


.C2H4C8F17 

(CH2)8CH3 


FIGURE  1 :  Anionic  Perfluoroalkylated  Sugar  Phosphates. 


Preparation  of  highly  concentrated  emulsions  (90%  wfv)  by  microfluidization:  The 
appropriate  surfactant  system  [la  (1%  w/v)  or  la/EYP  (total  amount  4%  w/v)]  was 
first  dispersed  under  argon  at  15°C  in  19.6  mL  of  a  phosphate  buffer  with  an  Ultra- 
Turrax  mixer  for  1  min.  at  8000  rpm.  F-Octyl  bromide  (perflubron,  Hoeschst, 
Germany,  36  g)  was  added.  After  10  min.  of  stirring  at  24000  rpm,  the  resulting 
premix  was  run  through  the  microfluidizer  (Microfluidics  Corp.,  USA). 

Storage  and  characterisation  of  the  emulsions:  The  emulsions  were  stored  at  40°C  in 
order  to  accelerate  the  aging  process;  average  particle  sizes  and  particle  size 
distributions  were  measured  by  photosedimentation  (Horiba  Capa  700). 
Preparation  and  characterisation  of  vesicles:  Vesicles  with  homogeneous 
populations  were  obtained  by  sonicating  aqueous  solutions  (50  mM)  of  compounds 
3-6  for  2  min.  at  50°C;  their  diameters  were  analyzed  by  Laser  Light  Scattering 
Spectroscopy  (LLSS)  at  20°C  (Coulter  N4MD). 

Electron  microscopy  (Philips  CM  12,  80  kV)  [9]:  Samples  were  prepared  by 
placing  a  drop  of  a  sonicated  dispersion  on  Formvar  grids,  followed  by  staining 
with  a  phosphotungstic  acid  solution  (2%,  pH  adjusted  at  7). 

Encapsulation  and  release  studies:  3d,  5d,  and  6d,e  were  dispersed  in  an  aqueous 
solution  of  carboxyfluorescein  (CF)  (100  mM).  Column  chromatography  on 
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Sephadex  G-50  was  used  to  remove  non-entrapped  CF.  After  dilution 
(Hepes.Na2S04  buffer  solution),  fluorescence  monitoring  of  CF  leakage  through 
membranes  was  recorded  over  time  at  37 °C. 

RESULTS  AND  DISCUSSION 

Biocompatibility 

The  F-alkylated  phosphodiester  la,b  and  2a  had  no  hemolytic  effect  (at  100 
g/L  for  la)  on  human  red  blood  cells  suspended  in  an  isotonic  0.9%  NaCl 
solution.  Phosphodiesters  with  double  mixed  tails  demonstrated  some  hemolysis  at 
high  concentration  {ca  20%  hemolysis  at  20  g/L).  The  hydrocarbon  counterparts  Ic 
and  6f  were  already  highly  hemolytic  at  0.1  g/L.  Solutions  of  single  and  double 
perfluoroalkylated  chain  phosphodiesters  (0.1-1  g/L)  caused  no  significant 
inhibition  of  the  growth  and  viability  of  lymphoblastoid  cells  of  the  Namalva  strain. 
Compound  lb  had  an  intravenous  LD50  of  about  750  mg/kg  bw  in  mice  whereas 
products  3-6  were  tolerated  (all  10  animals  survived)  at  130  mg/kg  bw  doses. 

Fluorocarbon  emulsion  stabilization 

A  comparative  evaluation  of  water-soluble  anionic  surfactants  la,b  and  2a  in 
50%  (w/v)  FDC  emulsions  indicated  significantly  better  emulsifying  properties  than 
those  of  natural  EYP.  The  fluorinated  surfactants,  either  alone  or  in  conjonction 
with  EYP,  gave  smaller  particles,  both  at  the  time  of  preparation  and  after  1  month 
at  40°C  than  those  obtained  with  EYP  alone.  The  F-octyl  derivatives  la  and  2a, 
independently  of  the  location  of  the  phosphate  group  on  the  glucose  moiety,  were 
more  effective  than  the  F-hexyl  one  lb.  The  remarkable  emulsifying  properties  of 
these  compounds  appear  related  to  the  presence  of  the  anionic  P(0)0  connector. 
They  are  also  greatly  enhanced  by  the  F-alkyl  chain  compared  to  the  hydrogenated 
analogue  Ic.  These  effects  are  even  more  pronounced  with  the  more  concentrated 
(90%  w/v)  perflubron  emulsions.  Replacement  of  a  small  amount  (l/S^h)  of  the 
EYP  by  la  in  perflubron/EYP  emulsions  facilitated  the  emulsification,  reduced  the 
average  particle  size  significantly,  and  achieved  strong  stabilization  of  the 
emulsions  1 10].  Increasing  the  fluorinated  surfactant/EYP  ratio  resulted  in  no 
significant  additional  benefit.  The  perflubron  emulsions  (90%  w/v),  obtained  with 
only  1%  of  la  as  the  sole  surfactant,  were  markedly  more  stable  than  those 
containing  4%  EYP;  the  average  particle  size  was  0.4  \im  (40°C,  3  months). 
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FIGURE  2:  Electron  micrograph  of 
aqueous  dispersion  (sonication)  of 

3d 


Liposomes  and  encapsulation 

The  ability  of  the  mixed  double  chain  anionic  phosphodiesters  to  form  vesicles 
in  water  was  investigated.  Compounds  3d,  5d,  6d-f  gave  clear  to  translucent 
aqueous  dispersions  by  sonication.  Their  observation  by  electron  microscopy 
revealed  the  presence  of  homogeneous  supramolecular  structures  constituted  by 
single  unilamellar  vesicles  (SUV)  with  a  mean  diameter  of  25  to  45  nm  (confirmed 
by  LLSS).  The  micrographs  (fig.  2)  display  patterns  close  to  those  observed  for 
liposomes  made  of  natural  phospholipids  or  vesicles  of  synthetic  organic 
amphiphiles. 

Vesicles  prepared  from  compounds  3d,  6d,e  were  stable  at  4°,  25°  and  40°C  for 
3  months.  Vesicles  formed  from  6f  and  5d  precipitated  after  12  hours  and  15  days, 
respectively,  and  4e,  whatever  the  aqueous  concentration,  precipitated  immediately 
after  sonication.  This  further  illustrates  the  higher  vesicle-forming  and  stabilizing 
ability  of  fluorocarbon  amphiphiles,  even  with  short  hydrophobic  chains. 
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FIGURE  3;  Release  of  CF  vs  time 
for  vesicles  formed  from  3d  (o) 
5d  (□),  6d  (•),  6e  (a). 


The  phase  transition  from  the  frozen  gel-like  state  to  the  fluid  liquid-crystalline 
state  was  not  seen  by  DSC  or  by  3lp-n.m.r.  (line  width  vs  temperature).  This  may 
be  due  to  a  non-cooperative  large  transition  related  to  the  large  difference  of 
hydrophobicity  of  the  two  tails. 

The  presence  of  closed  vesicles  was  further  established  by  using  Wernstein's 
process  [11]  which  takes  advantage  of  the  self-quenching  of  the  fluorescence  of  CF 
when  the  dye  is  entraped  in  vesicles.  Release  of  CF  from  the  vesicle  results  in 
dilution  of  the  dye  and  rapid  build-up  of  fluorescence.  In  all  the  cases  investigated, 
initial  quenching  of  fluorescence  evidenced  encapsulation  of  the  dye.  It  was  found 
that  CF  was  then  rapidly  released  from  vesicles  prepared  from  5d,  6d,e  (50% 
release  after  ~3  min).  By  contrast  3d  exhibited  greater  impermeability,  with  50%  of 
release  after  25  min.  (fig.  3).  In  the  same  conditions,  dimyristoylphosphatidyl- 
choline  had  T1/2  similar  to  3d.  These  experiments  indicate  that  the  enhanced  barrier 
against  permeation  of  CF  is  highly  dependent  on  the  nature  of  the  sugar  (T1/2 
galactose  »  glucose  ~  mannose),  whereas  the  lengthening  of  the  fluorocarbon 
segment  from  6e  to  6d  does  not  seem  to  increase  membrane  impermeability 
significantly.  In  view  of  their  behavior  distinctly  different  from  that  of  the 
hydrocarbon  analogue,  surfactants  with  a  fluorinated  hydrophobic  tail  may  play  a 
valuable  role  as  membrane  modifiers. 
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THE  ELIMINATION  PECULIARITIES  OF  PERFLUOROCARBON  EMULSIONS 
STABILIZED  WITH  EGG  YOLK  PHOSPHOLIPID 
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ABSTRACT 

In  order  to  examine  the  elimination  rate  of  Perf luorodecalin 
(FDC)  emulsions  stabilized  with  different  emulsifiers  -  yolk 
phospholipid  (EYP)  and  procsanol  P-268  (analog  of  Pluronic  F-68)  - 
we  performed  controlled  trials  on  excretion  of  FDC  in  exhaled  air, 
elimination  from  blood  and  accumulation  in  the  liver.  Adult  Wistar 
rats  were  injected  intravenously  with  FDC  emulsions  stabilized 
with  different  emulsifiers  at  a  dose  of  11.5  g  FDC  per  kg  body 
weight.  The  concentration  of  FDC  in  blood,  exhaled  air  and  liver 
tissue  was  examined  by  means  of  the  gas  chromatography  method.  The 
circulation  time  in  blood  for  the  emulsion  stabilized  with  EYP 
was  much  longer  comparatively  to  the  emulsion  containing  the 
synthetic  emulsifier  procsanol  P-268.  The  injection  of  EYP 
dispersions  prolonged  the  circulation  time  of  lipid-stabilised  FDC 
emulsions.  The  rate  of  PFC  elimination  in  exhaled  air  from  such  an 
emulsion  and  the  rate  of  its  accumulation  in  liver  during  the 
initial  period  after  injection  are  reduced  compared  to  the 
procsanol-stabilized  emulsion.  These  data  are  interpreted  as  the 
result  of  a  reduction  of  phagocytic  activity  of  blood  monocytes 
toward  the  lipid-coated  particles  of  the  emulsion.  The  circulation 
time  of  PFC  emulsion  can  be  prolonged  by  using  lipid  emulsifier 
and  additional  injections  of  EYP  dispersion. 

INTRODUCTION 

The  circulation  time  of  a  blood  substitute  is  one  of  the 
main  of  the  mane  indicators  of  its  effectiveness.  The  circulation 
time  of  a  Perfluorochemical  (PFC)  blood  substitutes  depends  on  the 
rate  of  its  elimination  in  exhaled  air  and  deposition  in  organs 
mainly  in  liver  and  spleen  (1,  2].  Though  the  main  pharmacokinetic 
tendency  had  already  been  known  the  specific  peculiarities  of  the 
emulsifier  influence  on  the  PFC  elimination  rate  has  not  been 
studied  enough. 

This  paper  intends  to  estimate  the  excretion  peculiarities 
of  the  FDC  emulsions  stabilized  with  EYP  and  procsanol  P-268  from 
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TABLE  I:  Half-persistance  time  in  blood  stream  of  FDC  emulsion 
with  different  emulsifier  content 


Emulsifier  content 

T  1/2, 

( hours ) 

Procsanol  P-268 

13,5 

1+ 

o 

Procsanol  P-268/EYP  8:2 

20,0 

±  1,0 

Procsanol  P-268/EYP  2:8 

22,4 

±  1,1 

EYP 

24,4 

±  0,9 

Values  are  mean  ±  s.e.m. 


the  organs  of  rats.  The  influence  of  additional  injections  of  the 
EYP  dispersion  on  the  circulation  time  of  FDC  emulsion  stabilized 
with  a  different  emulsifier  was  also  studied. 

MATERIALS  AND  METHODS 

FDC  was  emulsified  by  sonication.  EYP,  procsanol  P—268  and 
the  mixtures  of  these  emulsifiers  were  used. 

Adult  Wistar  strain  rats  were  injected  i.v.  with  FDC 
emulsions  (25%,  w/v)  at  a  dose  of  11.5  g  FDC  per  kg  body  weight. 
EYP  dispersion  was  injected  i.p. 

The  content  of  FDC  in  blood,  liver  tissue  and  exhaled  air 
were  excimined  by  means  of  gas  chromatography  using  Sigma  115  Gas 
Chromatographic  System  (Perkin-Elmer ,  Sweden) •  The  determination 
of  FDC  content  in  tissue  was  fulfilled  according  to  the  described 
method  ( 3 ) . 


RESULTS 

The  results  obtained  showed  that  the  employment  of  EYP  as 
an  emulsifier  can  prolong  FDC  emulsion  half-persistance  time  (T 
1/2)  in  the  blood  stream  of  rats  from  13.5  hr  to  24.4  hr  (see 
Table  1) . 

The  elimination  rate  of  PFC  in  the  exhaled  air  of  EYP 
stabilized  FDC  emulsion  was  lower  then  the  elimination  rate  of  the 
emulsion  stabilized  with  procsanol  P-268  during  the  initial  24  hr 
(Table  II) . 

The  rate  of  accumulation  in  the  liver  of  EYP  stabilized  FDC 
emulsion  was  also  lower  than  the  accumulation  rate  of  the  emulsion 
stabilized  with  procsanol  P-268  during  the  same  period  of  time 
(Table  III) . 

The  additional  injections  of  20%  EYP  dispersion  increased 
the  T  1/2  of  EYP  stabilised  FDC  emulsion  more  than  two  times  (from 
24,5  hrs  up  to  54  hrs).  But  the  circulation  time  of  the  FDC 
emulsion  which  contained  procsanol  P-268  could  not  be  increased  by 
additional  injections  of  EYP  dispersion  (Table  IV). 
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TABLE  II:  The  elimination  rate  with  exhaled  air  of  FDC  emulsions 
stabilized  with  different  emulsifiers  (ml  FDC/kg/h  x  1000) 


Time  Emulsifier 

after  - 

injection  Procsanol  P-268  EYP 


1  hr 

6,45 

+ 

0,52  * 

3,61 

+ 

0,61  * 

5  hrs 

6,79 

± 

0,56  * 

4,20 

+ 

0,31  * 

9  hrs 

5,17 

± 

1,20 

4,32 

+ 

0,79 

24  hrs 

4,56 

+ 

0,92 

4,10 

+ 

0,68 

33  hrs 

4,58 

± 

0,77 

3,76 

+ 

0,89 

2  days 

3,96 

+ 

0,56 

2,60 

± 

0,92 

3  days 

3,50 

+ 

0,60 

2,75 

± 

0,51 

4  days 

3,10 

+ 

0,32 

2,80 

+ 

0,58 

7  days 

2,90 

+ 

0,61 

2,80 

± 

0,21 

14  days 

2,65 

+ 

0,32 

2,50 

± 

0,35 

Values  are  mean  ±  s.e.m.;  *P<0,05 


TABLE  III:  The  FDC  content  in  the  liver  of  the  rats  injected  FDC 
emulsions  stabilized  with  different  emulsifiers  (ml  FDC/g  tissue 
X  100) 


Time  Emulsifier 

after  - 

injection  Procsanol  P-268  EYP 


9  hrs 

0,080 

± 

0,009  * 

0,042 

± 

0,006  * 

22  hrs 

0,140 

+ 

0,009  * 

0,095 

+ 

0,007  * 

2  days 

0,150 

+ 

0,009 

0,150 

+ 

0,008 

3  days 

0,130 

+ 

0,007 

0,120 

± 

0,007 

4  days 

0,096 

+ 

0,005 

0,075 

+ 

0,007 

7  days 

0,080 

+ 

0,005 

0,086 

± 

0,006 

2  weeks 

0,027 

+ 

0,002 

0,043 

± 

0,003 

3  weeks 

0,015 

+ 

0,001 

0,016 

± 

0,001 

Values 

are  mean 

s.e.m. ; 

*P<0,05. 
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TABLE  IV:  Effect  of  the  additional  injections  of  EYP  dispersion  on 
half-persistance  time  in  blood  stream  of  FDC  emulsion  with 
different  emulsifier  content 


T  1/2, 

(hours) 

Emulsifier  - 

content 

with 

additional 

injections 

without 

additional 

injections 

Procsanol  P-268 
Procsanol  P-268 

13,4  ±  0,5 

16,1  ±  0,9 

&  EYP 

21,6  ±  1,1 

24,8  ±  0,9 

EYP 

24,4  ±  0,9 

54,4  ±  0,6 

Values  are  mean  ±  s.e.m. 


DISCUSSION 

It  is  already  known  that  the  process  of  elimination  of  PFC 
emulsions  from  the  organism  in  exhaled  air  can  be  divided  into 
two  conventional  stages.  During  the  first  stage  the  elimination  of 
the  emulsion  directly  from  the  blood  stream  takes  place  (with  the 
participation  of  phagocytes);  during  the  second  stage  the 
elimination  of  FDC  accumulated  in  organs  takes  place.  During  the 
first  stage  the  elimination  rate  is  very  high,  and  a  large  amount 
of  FDC  can  be  exhled  during  this  period  (up  to  30%  of  the  injected 
dose) .  The  elimination  rate  during  the  second  stage  is  much  lower 
(2,  4).  That  is  why  it  had  been  expected  that  the  prolongation  of 
the  circulation  time  of  FDC  emulsion  can  increase  the  amount  of 
FDC  eliminated  in  exhaled  air  and  can  decrease  the  undesirable 
accumulations  in  the  liver  and  spleen. 

The  comparative  study  of  the  elimination  rate  with  exhaled 
air  and  the  rate  of  accumulation  in  liver  of  FDC  emulsion 
stabilized  with  procsanol  P-268  and  EYP  showed  that  the 
elimination  rate  and  the  rate  of  accumulation  in  liver  of  EYP 
stabilized  emulsion  during  the  initial  period  after  injection  are 
reduced  compared  to  the  procsanol  stabilised  emulsion.  The  cause 
of  such  a  difference  in  the  rates  of  elimination  in  exhaled  air 
and  of  accumulation  in  liver  between  the  emulsions  stabilized  with 
different  emulsifiers  can  be  estimated  according  to  the  mechanism 
of  elimination  during  the  first  stage.  The  decrease  of  the 
elimination  rate  in  exhaled  air  and  the  rate  of  accumulation  in 
the  liver  of  EYP  stabilized  emulsion  and  the  simultaneous  increase 
in  its  circulation  time  in  the  blood  flow  can  be  explained  as  a 
result  of  the  decrease  of  phagocytic  activity  towards  the  FDC 
particles  covered  with  EYP.  So  we  can  conclude  that  the  use  of  EYP 
emulsifier  leads  to  prolongation  of  the  circulation  time  in  blood 
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of  PFC  emulsion  but  does  not  influence  the  level  of  its 
accumulation  in  organs. 

The  circulation  half-life  of  EYP  stabilized  FDC  emulsion  in 
blood  can  be  prolonged  by  additional  injections  of  20%  EYP 
dispersion.  It  should  be  noted  that  during  the  initial  22  hrs 
after  injection  the  FDC  concentration  remained  at  the  same  level. 
After  this  period  the  FDC  concentration  began  to  fall,  although 
the  rats  were  still  injected  with  the  EYP  dispersion.  We  suppose 
that  the  prolongation  of  the  circulation  half-life  of  FDC  emulsion 
by  additional  EYP  injections  is  connected  with  the  reduction  'of 
phagocytic  activity  towards  the  FDC  particles  in  the  presence  of 
the  greater  amount  of  EYP  in  blood.  However  the  presence  of 
procsanol  P-268  in  FDC  emulsion  does  not  make  it  possible  to 
prolong  the  circulation  period  of  FDC  emulsion  using  the 
additional  EYP  injections.  It  is  known  that  Pluronic  F-68  and 
procsanol  P-268  have  the  ability  to  activate  complement  (4). 
Consequently  we  propose  that  in  this  case  the  phagocytic 
activation  takes  place  in  the  presence  of  procsanol  in  blood.  That 
is  why  it  is  impossible  to  prolong  the  circulation  period  of  FDC 
emulsion  which  contains  procsanol  P-268  by  means  of  additional  EYP 
injections . 

We  can  conclude  that  FDC  emulsion  stabilized  with  EYP  can 
circulate  in  the  blood  for  a  long  time  and  the  circulation  half- 
life  of  such  an  emulsion  can  be  prolonged  by  additional  injections 
of  EYP  dispersion,  unlike  the  emulsion  wich  contains  procsanol  P- 
268.  The  emulsifier  composition  does  not  influence  the  level  of 
FDC  accumulated  in  organs. 
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ABSTRACT 

Methods  based  on  the  HPLC  separation  with  subsequent  UV  detection  and 
spectrofluorimetry  have  been  developed  to  monitor  the  formation  of  oxidative 
decomposition  products  of  phospholipids  in  perfluorocarbon  emulsions.  Cata¬ 
lytic,  as  well  as  emulsion  oxidative  stability  studies  have  been  conducted  utilizing 
egg  yolk  phospholipid  (EYP)  and  perfluorocarbons  of  varied  compositions/purity 
in  order  to  assess  their  effect  on  susceptibility  to  oxidation.  Our  studies  indicate 
that  phospholipid  composition,  degree  of  unsaturation,  perfluorocarbon  purity  and 
the  presence  of  oxygen  and  trace  metals  have  a  significant  effect  on  the  formation 
of  oxidative  decomposition  products.  A  combination  of  methods  has  proven  use¬ 
ful  in  monitoring  the  levels  of  oxidative  decomposition  products  of  phospholipids 
in  phospholipid- stabilized  perfluorocarbon-based  blood  substitutes.  Such  an 
approach  has  proven  beneficial  in  the  development  of  pharmaceutical  agents  of 
potentially  higher  quality  and  storage  stability. 

INTRODUCTION 

Preparations  based  on  phospholipid-stabilized  perfluorocarbon  emulsions 
have  been  examined  extensively  in  the  pharmaceutical  arena  as  potential  blood 
substitutes  [1-5].  However,  little  information  exists  on  the  autoxidation  of  phos¬ 
pholipids  and  phospholipid-stabilized  perfluorocarbon  emulsions  and  current 
analytical  methods  fall  short  in  assessing  the  oxidative  history  of  such  lipids.  The 
component  phosphorus  amine  and  unsaturated  fatty  acid  moieties  of  phospho- 
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lipids  offer  a  more  complex  system  to  study  than  neutral  lipids  species.  In 
addition,  impurities  in  fluorocarbons,  unsaturated  species,  may  act  to  facilitate  the 
autoxidation  of  phospholipids  and  likewise  phospholipid  oxidative  products  may 
react  with  susceptible  fluorocarbon  species.  Oxidation  of  lipids  in  biological 
systems  have  been  shown  to  have  toxicological  significance  which  includes 
changes  in  membrane  integrity  and/or  the  formation  of  potentially  detrimental 
decomposition  products  [6] .  This  study  attempts  to  characterize  the  effects  that 
phospholipid  concentration,  oxygen,  trace  metals  content,  storage  temperature 
and  time  and  composition/purity  of  both  phospholipids  and  perfluorocarbons  have 
on  the  oxidative  stability  of  phospholipids  in  perfluorocarbon  emulsions. 

METHODS 

Emulsions  containing  perflubron  (perfluorooctyl  bromide;  PFOB)  or 
perfluorodecalin  (FDC),  stabilized  with  EYP,  were  made  by  high  pressure 
homogenization.  Natural ,  synthetic  and  partially  hydrogenated  egg  yolk 
phopholipids  were  obtained  commercially.  The  emulsions  were  phosphate 
buffered  to  physiologic  pH  and  contained  an  antioxidant  and  metal  chelator  to 
protect  the  oxidatively  labile  phospholipid  surfactant.  The  emulsions  were 
terminally  sterilized  in  a  rotating  autoclave  at  121°C. 

Formation  of  oxidative  decomposition  products  in  phospholipids  and 
phospholipid-stabilized  perfluorocarbon  emulsions  were  monitored  during 
processing  and  subsequent  storage  by  determination  of  their  aldehyde  content  and 
relative  fluorescence  intensities.  Dinitrophenylhydrazones  of  the  aldehydes  were 
quantified  using  reverse-phase  HPLC  with  UV  detection  on  a  Beckman  System 
Gold  Chromatograph  [7].  Direct  measurement  of  fluorescent  substances  were 
performed  on  a  RF-5000  Shimadzu  Spectrofluorophotometer  in  order  to  monitor 
the  generation  of  oxidative  "end"  products  [8].  Phospholipid  class  analyses  were 
performed  by  HPLC  separation  and  subsequent  quantitation  with  a  Cunow  DDL 
21  Light- Scattering  Detector  [9]. 

RESULTS  AND  DISCUSSION 

The  concentration  of  hexanal,  relative  amount  phospholipid-aldehydes  and 
relative  fluorescence  intensities  were  found  to  correlate  well  with  each  other, 
phospholipid  concentration,  oxygen  and  trace  metals  content,  storage  temperature 
and  time  and  composition/purity  of  both  phospholipids  and  perfluorocarbons. 
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The  formation  of  oxidative  decomposition  products  as  a  function  of 
phospholipid  concentration  is  shown  in  Figure  1 .  As  the  concentration  of  EYP 
was  increased,  the  relative  amount  of  hexanal  increased.  On  the  other  hand,  the 
amount  of  fluorescent  substances  present  was  found  to  be  proportional  to  the  EYP 
concentration.  The  reason  for  this  difference  could  be  due  to  the  increased  pop¬ 
ulation  of  "free"  vesicles  that  occur  at  higher  EYP  concentrations  which  may  be 
more  conducive  to  form  more  secondary  oxidative  products  than  "end"  products. 

Phospholipid-stabilized  perfluocarbon  emulsions  were  spiked  and  subse¬ 
quently  incubated  with  cupric  sulfate  and/or  oxygen  to  assess  their  oxidative 
susceptibility.  Formation  of  oxidative  products  were  found  to  increase  upon 
sterilization,  while  little  differences  were  seen  between  the  control  and  the 
samples  spiked  with  Cu2+  and  O2  alone  (Figure  2).  When  the  same  formulation 
was  spiked  with  both  Cu2+  and  O2,  a  dramatic  increase  in  hexanal  and  fluore¬ 
scent  substances  resulted.  Clearly  contamination  of  Cu2+  and  O2  alone  will  not 
result  in  increased  oxidation;  however,  when  in  combination  they  induce  oxida¬ 
tive  stress  beyond  the  effectiveness  of  the  added  antioxidant  and  metal  chelator. 

Perfluorocarbon  emulsions  containing  various  commercial  EYP's  were 
prepared  and  assessed  for  the  generation  of  oxidative  products  .  The  phospho¬ 
lipids  used  in  this  study  differ  mainly  in  the  levels  of  phosphatidylethanolamine 
(PE)  and  phosphatidylcholine  (PC)  and  iodine  value  (Table  I).  Iodine  value  is  a 
measure  of  the  total  unsaturation  of  the  component  fatty  acids.  Natural  EYP,  as 
extracted  from  hen's  eggs,  has  an  iodine  value  of  65  to  75.  The  results  in  Table  I 
indicate  that  the  presence  of  hexanal  is  related  to  the  level  of  unsaturation  and  the 
generation  of  fluorescent-substances  is  related  to  the  concentration  of  PE.  Autox- 
idation  of  unsaturated  fatty  acids  lead  to  the  formation  of  reactive  aldehydes,  such 
as  hexanal,  which  easily  condense  with  primary  amines,  such  as  PE,  yielding 
fluorescent  Schiff  bases. 

A  phospholipid- stabilized  perfluorocarbon  emulsion,  prepared  as 
described  above,  was  incubated  at  5°C  and  40°C  to  assess  its  oxidative  stability. 
The  formation  of  fluorescent  substances  was  found  to  be  dependent  on  the 
incubation  temperature,  with  increasing  temperature,  the  amount  produced 
increased  (Figure  3).  However  the  formation  of  hexanal  was  found  to  decrease  at 
40°C  and  increase  slightly  at  5°C  as  a  function  of  time.  The  disappearance  of 
hexanal  with  time  at  higher  temperatures  is  most  likely  due  to  its  condensation 
with  primary  amines,  i.e.  PE,  which  yield  fluorescent  end  products. 


1%  2%  4%  6%  10% 

EYP  w/v% 


Hexanal  Concentration  Fluorescent  Substances 

FIGURE  1.  The  formation  of  oxidative  decomposition  products  as  a  function  of 
phospholipid  concentration.  Fluorescent- sub  stances  generated  were  found  to  be 
proportional  to  the  EYP  concentration;  whereas  the  hexanal  concentration  was 
not. 
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FIGURE  2.  Catalytic  and  oxidative  susceptibility  of  fluorocarbon  emulsions. 
Contamination  of  Cu^^  and  O2  in  combination  induced  oxidative  stress  beyond 
the  effectiveness  of  the  antioxidant  and  metal  chelator. 
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TABLE  1.  Effect  of  phospholipid  composition  on  oxidative  decomposition  of 
phospholipids  in  concentrated  perflubron  emulsions  (90%  w/v  perflubron,  4% 
w/v  total  surfactant). 
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FIGURE  3.  The  effect  of  storage  temperature  and  time  on  the  generation  of 
oxidative  decomposition  products.  With  time  and  temperature,  hexanal  was  lost 
to  fluorescent  end  products  via  condensation  with  phosphatidylethanolamine. 


To  determine  the  influence  of  fluorocarbon  impurities  on  the  oxidative 
decomposition  of  phospholipid,  emulsions  of  impure  (FDC  as  supplied)  and 
purified  FDC  were  manufactured.  Hexanal  concentration,  fluorescence  intensity 
and  free  fluoride  concentration  were  found  to  differ  greatly  between  emulsions 
made  of  impure  and  purified  FDC,  where  the  percent  reduction  of  hexanal, 
fluorescence  and  fluoride  was  found  to  be  31%,  54%,  and  787%,  respectively. 
This  data  indicates  that  certain  fluorocarbon  impurities,  possibly  unsaturated 
species,  may  be  involved  in  the  initiation,  propagation  and  termination  steps  of 
phospholipids  oxidation. 


CONCLUSIONS 

Phospholipid  composition,  concentration,  unsaturation  (iodine  value)  of 
constituent  acyl  groups,  storage  temperature,  sterilization  and  perfluorocarbon 
purity  contribute  to  the  oxidative  susceptibility  of  phospholipid- stabilized 
perfluorocarbon-based  blood  substitutes. 
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•  The  concentration  of  hexanal,  and  relative  fluorescent  intensities  were 
found  to  correlate  well  with  the  oxidative  history  of  phospholipids  and 
phospholipid- stabilized  perfluorocarbon-based  blood  substitutes. 

•  Studies  to  further  characterize  the  phospholipid-aldehydes  and  phospho¬ 
lipid/fluorocarbon  reactions  are  underway. 
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ABSTRACT 

The  effect  of  perf luorocarbons  (PFC,  Perf luorodecalin/Fogalin) 
on  the  lipoprotein  level  in  plasma  was  studied.  The  PFC  emulsion 
(FCE)  was  injected  i.v.  at  a  dose  of  6  g  PFC  per  kg  of  body  weight 
into  male  Wistar  rats  weighing  250-280  g.  The  lipoproteins  were 
separated  by  preparative  centrifugation.  It  was  found  that  PFCs 
influence  the  metabolism  of  lipoproteins.  The  greatest  depletion 
of  cholesterol  level  occurs  in  the  HDL  fraction  of  lipoproteins  3 
and  24  hrs  after  injection.  There  is  no  relationship  between  the 
level  of  cholesterol  in  plasma  and  cholesterol  lipoproteins.  The 
content  in  lipoproteins,  however,  amounts  to  half  the  level  of  the 
cholesterol  of  plasma  72  hrs  after  injection.  Based  on  these  facts 
it  is  possible  to  conclude  that  when  PFCs  leave  the  cells  of 
organs,  they  are  carmed  in  the  blood  stream  as  a  complex  which 
contains  at  least  PFCs,  cholesterol  and  triglycerides. 

INTRODUCTION 

Some  comtemporary  blood  substitutes  based  on  emulsions  of 
perf luorocarbons  are  comprised  of  yolk  phospholipids  and  Pluronic 
F-68  [2].  The  total  surface  area  of  PFC  particles  in  emulsions  is 
very  large  and  in  the  blood  stream  they  are  in  contact  with  blood 
cell  membranes  as  well  as  blood  proteins  and  lipids.  As  reported 
in  early  investigations,  the  composition  of  the  lipid  surfactant 
on  the  particle  of  PFC  emulsions  was  changed  after  intravenous 
infusion  [3].  The  particles  were  enriched  by  cholesterol  (CL).  It 
has  also  been  shown  that  the  absorbtion  of  CL  from  membrane  of 
erythrocytes  takes  place  [  1  ] .  Evidently  in  the  blood  stream  the 
particles  of  PFC  emulsion  are  interacted  with  lipoproteins  (LP) . 

Now  we  report  on  experiments  to  identify  the  effects  of  PFC 
emulsion  upon  blood  serum  LP  in  rats. 

MATERIALS  AND  METHODS 

Female  Wistar  rats  (body  weight;  150-180  g)  were  used.  The 
emulsion  consisted  of  20%  (v/v)  perf luorochemicals:  7  parts 
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perf luorodecalin,  3  parts  Fogalin,  Procsanol  P-268  (2,8%  w/v), 
and  yolk  phospholipids  (0,35%  w/v)  as  emulsifiers.  Twelve  rats 
were  divided  into  a  control  (saline)  group  and  FCE  group,  and 
injected  i.v.  with  FCE,  2,5  ml/kg,  and  saline,  2,5  ral/kg, 
respectively.  Three,  24,  72  hrs  after  injection  venous  blood  was 
collected  into  tubes  containing  Na-sal  EDTA.  LP  were  separated  by 
preparative  ultracentrifugation.  CL,  triglycerides  (TG) , 
phospholipids  (PL),  in  serum  and  LP  fractions  were  measured  by 
routine  methods. 


RESULTS 

The  lipid  content  in  plasma  are  given  in  the  table  I.  The  TG 
content  showed  a  marked  increase  in  response  to  FCE  injection 
during  3  days.  It  was  increased  up  to  a  maximum  of  143  %  after  3 

h. 

The  CL  level  fell  down  to  about  60%  of  normal  value  after  3 
h  and  increased  up  to  22%  and  134%  after  24  and  72  hrs, 
respectively.  The  PL  content  also  increased  after  72  h. 

The  content  of  CL  and  TG  in  LP  fraction  are  shown  in  the 
table  II. 

The  level  of  CL  in  the  VLDL  increased  after  injection  of  FCE 

and  significantly  increased  (P  <0,01)  at  the  third  day.  The  CL 

level  in  the  LDL  decreased  after  3  hr  and  it  was  noted  to  be 
elevated  after  24  and  72  hrs.  The  CL  level  in  the  HDL  decreased 
after  3  and  24  hrs  but  at  third  day  the  level  of  CL  increased  up 
to  131%. 

The  TG  content  was  increased  in  all  fractions  of  LP  after  3 
h.  Elevation  of  CL  in  LDL  and  HDL  developed  up  to  24  h.  After  3 
days  the  level  of  TG  in  LDL  was  decreased.  The  PL  content  in  VLDL 

increased  after  3  h,  on  the  other  hand,  it  was  decreased  in  HDL. 

The  PL  level  in  LDL  was  increased  up  to  24  h  after  infusion  FCE. 

DISCUSSION 

The  purpose  of  this  study  was  to  evaluate  the  influence  of 
FCE  infusion  on  the  level  of  lipids  and  LP  in  rat  plasma.  These 
results  showed  that  injection  of  FCE  into  rats  produced  alteration 
in  plasma  and  LP  lipids  level.  The  observed  increases  in  plasma  TG 
level  was  caused  by  infusion  of  Procsanol  P-268  into  blood  stream. 
It  is  known  that  surfactants  of  Pluronic  type  induces  synthesis  of 
TG  by  the  liver.  High  level  of  TG  in  LP  fractions  occurs  during  24 
h  after  FCE  injection  and  is  similar  with  the  time  of  circulation 
of  FCE  in  blood  stream.  After  3  days  the  level  of  TG  in  VLDL  and 
HDL  was  normalyzed  when  in  plasma  the  TG  content  is  above  the 
normal  value. 

The  low  content  of  CL  in  plasma  after  3  h  indicated  that  it 
is  absorbed  by  the  particles  of  FCE.  Decrease  of  CL  level  in 
plasma  indicates  the  interaction  between  HDL  and  particles  of  FCE. 
As  a  result  the  CL  leaves  the  HDL.  After  3  days  the  CL  level  in 
plasma  significantly  increased.  At  the  same  period  the  CL  level  in 
LP  fractions  also  increased.  These  data  demonstrate  that  in 
response  to  absorbtion  of  CL  by  particles  of  FCE  from  HDL  the 
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TABLE  I:  Lipids  content  in  rat  plasma  after  infusion  of 
per fluorocarbon  emulsion,  (mg/dl) 


Lipids 

Control 

Time 

after  injection,  hrs 

3 

24 

72 

CL 

49,0+2,7 

31,3±5,32 

59,0±1,7** 

115,3±3,9*** 

TG 

72,4±4,2 

175,5±8,3*** 

109,0±10,8* 

97,0±5,6* 

PL 

71,7±5,2 

- 

- 

116,0±6,4** 

Values 

are  mean 

±.s.e.m.*P<  0, 

05;**P<  0,01 

;***P<  0,001 

TABLE  II:  Effect  of  perf luorocarbon  emulsion  on  level  of  lipids 
in  lipoprotein  fraction 


Fraction  of  very  low  density  lipoproteins 
(VLDL),  mg/dl 


Lipids 

Control 

Time  after  injection,  hrs 

3  24 

72 

CL 

2,0+0,37 

4,83±0,7**  4,67+0,8* 

6, Oil, 1** 

TG 

29,0+3,59 

90,80±16,0**  32,33±5,57 

35,8±5,1 

Fraction  of  low 

density  lipoproteins 

(LDL), 

mg/dl 

CL 

4,8±0,74 

3,5+0,07  22,67±2,5*** 

13,0+0,76*** 

TG 

9,6±0,68 

16,5±1,23***  32,33+2,1*** 

5,0±0,89** 

Fraction  of  high  density  lipoproteins 

(HDL), 

mg/dl 

CL 

35,0±2,73 

14,8±1,78***  15,2±1,46***  46,4±2,3* 

TG 

4,0+1,23 

24,3±4,11***  46,8±5,32***  3,8±0,66 

Values  are  mean  ±.s.e.m.*P<  0.05;  **P<  0.01;  ***P<0.001 
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synthesis  of  CL  increased.  In  this  period  disbalance  between  CL 
level  in  plasma  and  in  LP  was  noted. 

We  conclude  that  infusion  of  FCE  stabilized  with  Procsanol  P- 
268  and  yolk  phospholipids  influence  the  metabolism  of 
lipoproteins.  The  decrease  of  CL  level  in  plasma  is  a  result  of 
its  absorbtion  by  FCE  particles  mainly  from  HDL.  It  is  supposed 
that  PFCs  leaving  the  RES  organs  exist  in  blood  vessels  as  a 
complex  with  lipoproteins  [3  ] .  Our  data  suggested  that  PFCs 
exist  in  blood  stream  as  a  complex  which  contains  at  least  PFCs, 
CL  and  TG. 
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ABSTRACT 

Oil-in-water  emulsions  containing  perflubron  (perfluorooctyl  bromide;  PFOB)  and 
stabilized  with  egg  yolk  phospholipid  (EYP)  have  potential  applications  as  contrast  agents  and 
oxygen  carriers.  In  this  study,  the  effects  of  buffer  pH  and  total  phosphate  concentration  on  the 
emulsion  droplet  size  and  EYP  hydrolysis  were  evaluated.  90%  w/v  perflubron  emulsions  with 
NaH2P04-Na2HP04  buffers  of  different  pH  (4.7-8. 7)  and  phosphate  concentrations  (30  and  60 
mM)  were  prepared  with  a  high-pressure  homogenizer.  Emulsions  were  stored  at  40°C  and 
tested  at  0,  1,2  and  3  months.  The  pH  dropped  quickly  in  emulsions  with  pH  8.7  buffer  whereas 
acidic  and  neutral  buffered  emulsions  exhibited  minor  pH  drops.  The  concentration  of  free  fatty 
acids  (FFA)  ys  emulsion  pH  can  be  fitted  to  a  parabolic  curve  with  a  minimum  at  about  pH  6.0. 
The  droplet  growth  rates  in  emulsions  with  the  pH  4,7  buffer  were  about  2.5  times  of  those  in 
emulsions  with  the  pH  8.7  buffer.  Total  phosphate  concentration  had  only  a  minor  effect.  This 
study  emphasizes  the  importance  of  the  careflil  selection  of  buffer  pH  and  capacity  to  control 
EYP  hydrolysis  and  possibly  emulsion  droplet  size. 

INTRODUCTION 

Oil-in-water  emulsions  containing  perflubron  and  stabilized  with  egg  yolk  phospholipid 
have  potential  applications  as  contrast  agents  and  oxygen  carriers  [1-3],  Phosphate,  amino  acid, 
or  trishydroxymethyl  aminomethane  (THAM)  buffers  may  be  used  to  maintain  pH  [4].  In  this 
study,  the  effects  of  buffer  pH  and  total  phosphate  concentration  on  emulsion  droplet  size  and 
EYP  hydrolysis  were  evaluated. 
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MATERIALS  AND  METHODS 

Emulsions  containing  90%  w/v  perflubron,  4%  w/v  commercial  EYP,  NaH2P04- 
Na2HP04  buffers  of  different  pH  (4.7,  5.7,  6.7,  7.7  and  8.7)  and  total  phosphate  concentrations 
(30  and  60  mM)  were  prepared  with  a  high-pressure  homogenizer.  The  emulsions  were 
terminally  sterilized  in  a  rotating  autoclave  at  121°C.  Emulsions  were  stored  at  40°C  for 
accelerated  stability  tests.  pH,  droplet  size  and  FFA  were  measured  initially  and  after  1,  2  and  3 
months.  Emulsion  droplet  size  was  determined  by  photosedimentation  with  a  Horiba  CAPA-700 
instrument.  FFA  generated  from  EYP  hydrolysis  were  measured  spectrophotometrically.  ECHIP 
software  (by  ECHIP  Inc.,  Delaware)  was  used  for  data  analysis  and  for  preparing  contour  plots. 

RESULTS  AND  DISCUSSION 

pH  in  Emulsions 

Emulsion  pH  is  expected  to  decrease  on  storage,  due  to  the  generation  of  FFA  from 
hydrolysis  of  the  EYP.  Phospholipid  hydrolysis  is  acid-base  catalyzed  and  yields  FFA  and 
lysophosphatides.  Emulsion  pH  values  ys  storage  time  of  the  emulsions  with  30  mM  and  60  mM 

phosphate  buffers  are  shown  in  Figures  la  and  lb. 

The  pH  dropped  only  slightly  in  the  emulsions  with  acidic  or  neutral  buffers.  However, 
dramatic  pH  drops  were  noted  in  the  emulsions  with  the  pH  8.7  buffers.  The  hydrolysis  process 
was  catalyzed  by  OH"  at  high  pH  resulting  in  free  fatty  acid  generation.  The  low  buffer  capacity 
at  pH  8.7  could  not  maintain  the  pH.  The  buffer  capacity  at  pH  8.7  is  less  than  one-third  of  that 
at  pH  6.7  with  the  same  total  phosphate  concentration.  Emulsion  pH  decreased  rapidly  during 
sterilization  due  to  the  temperature  acceleration  of  hydrolysis.  The  pH  of  the  emulsions  with 
alkaline  (pH  8.7  or  7.7)  buffers  of  60  mM  total  phosphate  was  slightly  higher  (about  0.1  -  0.2  pH 
units)  than  that  of  the  counterparts  with  30  mM  phosphate  buffers.  The  total  phosphate 
concentration  (30  or  60  mM)  of  the  acidic  or  neutral  buffers  had  only  a  very  minor  influence  on 
the  pH  of  the  emulsions. 

EYP  Hydrolysis  and  Free  Fatty  Acid  Concentration 

FFA  concentration  data  were  fitted  by  ECHIP.  Emulsion  pH,  storage  time  and 
phosphate  concentration  were  used  as  three  independent  variables,  while  FFA  concentration  was 
the  response.  The  contour  plot  of  FFA  (in  milliequivalent/Liter)  in  the  emulsions  with  30  mM 
phosphate  buffer  vs  emulsion  pH  and  storage  time  is  depicted  in  Figure  2.  The  effect  of  the 
emulsion  pH  on  FFA  was  nearly  quadratic  with  a  minimum  at  about  pH  6  (see  below  for  details) 
while  FFA  increased  almost  linearly  with  storage  time.  FFA  concentrations  in  the  emulsions 
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FIGURE  1.  pH  in  emulsions  with  phosphate  buffers  of  (a)  30  mM  and  (b)  60  mM. 


FIGURE  2.  FFA  in  emulsions  with  30  mM  phosphate  buffer  vs  emulsion  pH  and  time. 
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Emulsion  pH 


FIGURE  3.  FFA  in  emulsions  with  30  mM  phosphate  buffer  at  0  and  3  months  vs  emulsion  pH. 


tested  after  3  months  vs  emulsion  pH  and  total  phosphate  concentration  indicated  that  the 
phosphate  concentration  has  only  a  very  minor  effect  on  FFA  generation. 

FFA  concentrations  in  the  emulsions  containing  30  mM  phosphate  buffers  at  0  and  3 
months  vs  emulsion  pH  are  illustrated  in  Figure  3.  A  parabolic  relationship  is  observed  where 
optimum  hydrolytic  stability  (minimal  FFA  content)  is  exhibited  at  pH  6.  This  is  consistent  with 
the  following  equation:  Rate  =  d([FFA])/dt  =  koH-*[EYP]*[OH']  +  kfj+*[EYP]s(c[H^].  The 
hydrolysis  rates  were  higher  in  the  emulsions  with  the  acidic  or  alkaline  buffers.  At  3  months, 
FFA  in  the  emulsion  at  pH  6  was  about  the  half  of  FFA  in  the  emulsion  with  the  pH  7.7  buffer. 

The  effect  of  pH  on  liposome  hydrolysis  has  been  studied  by  S.  Frokjaer  et  al.  [5]  They 
investigated  distearoyl  phosphatidylcholine  (DSPC)  degradation  in  a  tris  buffered  aqueous 
solution  at  70°C  (ionic  strength  =  0.5).  The  initial  hydrolytic  degradation  of  DSPC  led  to  the 
formation  of  lyso-compounds,  which  took  place  at  both  acidic  and  alkaline  pH.  The  pH-rate 
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INITIAL  BUFFER  pH 

FIGURE  4.  Droplet  growth  rates  in  emulsions  with  30  mM  phosphate  buffer. 


profile  for  the  observed  pseudo-first-order  rate  constant,  was  reported  [5],  Optimal  stability 
was  observed  at  pH  6.5  implying  that  the  alkali-catalyzed  rate  constant  was  larger  than  the  acid- 
catalyzed  rate  constant. 

We  observed  the  minimum  at  pH  around  6.0,  which  meant  that  the  ratio  of  the  two  rate 
constants  was  higher  than  that  reported  by  Frokjaer.  One  difference  between  these  two  studies  is 
that  we  investigated  perflubron  emulsions  rather  than  liposomes.  It  should  also  be  noted  that 
EYP  is  a  natural  mixture  of  phospholipids  containing  unsaturated  fatty  acids  while  they  used  a 
single  saturated  phosphatidylcholin.  Frokjaer  chose  a  high  ionic  strength  (0.5)  to  maintain  pH  so 
that  the  pseudo-first-order  rate  constant  could  easily  be  calculated.  Because  of  pharmaceutical 
considerations,  the  buffer  concentrations  of  30  mM  and  60  mM  (equivalent  to  an  ionic  strength 
of  less  than  0.2)  were  chosen  in  our  experiments.  The  emulsion  pH  could  not  be  held  constant  in 
higher  pH  buffers. 
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FIGURE  5.  Emulsion  droplet  size  at  3  months  ys  emulsion  pH  and  phosphate  concentration. 


Emulsion  Droplet  Growth 

Droplet  growth  rate  is  one  of  most  important  criteria  to  evaluate  emulsion  stability.  The 
droplet  size  growth  rate  "S"  was  defined  as  the  slope  of  linear  fit  of  the  cube  of  the  diameter  ys 
time,  in  pm^/month.  The  values  of  "S"  ys  initial  buffer  pH  in  the  emulsions  with  30  mM 
phosphate  buffers  are  plotted  in  Figure  4.  The  emulsions  with  60  mM  phosphate  buffers 
displayed  a  similar  trend  in  droplet  gro\vth.  The  droplet  growth  rates  in  both  emulsions  with  the 
pH  4.7  buffer  were  about  2.5  times  of  those  in  emulsions  with  the  pH  8.7  buffer. 

The  contour  plot  of  emulsion  droplet  size  at  3  months  ys  emulsion  pH  and  phosphate 
concentration  is  illustrated  in  Figure  5.  The  droplet  sizes  were  nearly  the  same  for  the  emulsions 
with  different  pH  buffers  at  post-sterilization.  It  was  seen  that  during  storage  the  emulsion 
droplets  grew  faster  in  acidic  buffers  and  that  phosphate  concentration  had  only  limited 
influence.  The  dependence  of  droplet  growth  rate  on  pH  may  be  related  to  the  surface  charge  of 
the  droplets.  Magdassi  et  al.  [6]  have  reported  a  correlation  between  zeta  potential  and  pH  at 
constant  ionic  strength  (0.01).  From  their  curve,  it  can  be  estimated  that  the  zeta  potentials  at  pH 
7.5,  6,  5,  4  and  3.5  are  about  -25,  -23,  -20,  -14  and  -8  millivolts,  respectively.  Similarly,  when 
the  buffer  pH  of  our  emulsions  were  lowered,  the  zeta  potential  at  droplet  surface  should  increase 


BUFFER  pH  AND  PHOSPHATE  CONCENTRATION 


1305 


(i.e.  from  negative  to  zero).  Droplet  growth  may  be  retarded  at  higher  negative  zeta  potentials 
due  to  a  reduction  in  interparticle  collision  mediated  by  charge  repulsion.  Davis  et  al.  [7]  have 
shown  that  Ostwald  ripening  is  the  major  destabilization  mechanism  of  fluorocarbon  emulsions. 
This  study,  however,  indicates  that  electrostatic  and  steric  mechanisms  may  affect  diffiisionai 
distances  between  emulsion  droplets,  hence  Ostwald  ripening. 
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ABSTRACT 

In  this  study,  the  effects  of  formulation,  processing  and  storage  parameters  on  perflubron 
(perfluorooctyl  bromide;  PFOB)  emulsions  were  investigated.  Emulsions  with  varying 
concentrations  of  perflubron  and  egg  yolk  phospholipid  (EYP)  were  prepared  with  different 
processing  parameters  and  placed  at  different  storage  temperatures.  Their  characteristics  and 
stability  were  compared.  The  emulsion  droplet  growth  rate  was  nearly  proportional  to  the 
perflubron  percentage  in  the  range  of  15-110%  w/v.  The  initial  droplet  size  of  perflubron 
emulsions  was  inversely  proportional  to  the  concentration  of  EYP  until  a  certain  lower  limit  of 
droplet  size  was  reached.  The  initial  droplet  size  and  droplet  growth  rate  of  perflubron  emulsion 
were  strongly  dependent  upon  the  processing  parameters.  The  logarithmic  value  of  the  droplet 
growth  rate  decreased  linearly  with  1/T  in  the  range  of  5-40°C.  The  formulation  and  processing 
parameters  are  the  key  variables  to  be  optimized  to  achieve  better  emulsion  characteristics  and 
stability. 


INTRODUCTION 

Oil-in-water  emulsions  containing  perflubron  and  stabilized  with  EYP  have  potential 
applications  as  contrast  agents  and  oxygen  carriers  [1,  2].  In  this  study,  the  effects  of 
formulation,  processing  and  storage  parameters  on  perflubron  emulsions  were  investigated. 

MATERIALS  AND  METHODS 

Emulsions  with  varying  concentrations  of  perflubron  and  commercial  EYP  were 
prepared  with  a  high-pressure  homogenizer  at  different  processing  conditions.  Perflubron 
percentage  is  reported  in  w/v.  To  convert  into  %  v/v,  the  value  of  %  w/v  should  be  divided  by 
1.918  (the  density  of  perflubron).  The  emulsions  were  terminally  sterilized  in  a  rotating 
autoclave  at  121°C.  Their  characteristics  and  stability  were  compared  after  storage  at  5,  30  and 
40°C.  ECHIP  software  (by  ECHIP  Inc.,  Delaware)  was  used  in  the  experimental  design,  data 
analysis  and  contour  plot  preparation. 

Droplet  size  distributions  were  determined  by  photosedimentation  with  a  Horiba  CAPA- 
700  instrument.  The  diameter  used  in  this  paper  is  volume-weighted,  which  is  more  sensitive  in 
detecting  the  droplet  size  changes  and  the  large  droplets  than  the  number-weighted  diameter. 

The  reported  diameter  is  the  adjusted  value  after  removing  the  bar  of  fluorocarbon-free  lecithin 
vesicles  at  the  far  right  of  the  Horiba  histogram  [3]. 
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RESULTS  AND  DISCUSSION 
EfiTects  of  Perflubron/EYP  on  Droplet  Size  and  EYP  Efficiency 

Influence  ofperflubron/EYP  on  droplet  size.  The  initial  diameters  of  sterile  emulsion  droplets 
with  varying  perflubron/EYP  ratios  are  illustrated  in  Figure  la.  With  a  decrease  of  the 
perflubron/EYP  ratio,  i.  e.  an  increase  of  the  concentration  of  EYP,  the  initial  droplet  size  of 
perflubron  emulsion  decreased  until  a  certain  lower  limit  of  droplet  size  was  reached. 

EYP  efficiency.  The  EYP  efficiency  ri,  which  is  defined  as  the  percentage  of  the  EYP  used  to 
form  a  monolayer  at  the  perflubron/water  interface  to  the  total  EYP  amount,  can  be  calculated 
with  the  above  data.  For  a  monodispersed  emulsion  with  spherical  droplets, 

A  =  6V/d  . (1) 

where  A,  V  and  d  are  the  total  surface  area,  total  volume  and  diameter  of  the  perflubron  droplets. 
For  a  polydispersed  emulsion,  the  total  surface  area  can  be  estimated  from  equation  1,  Then, 

ri  =  [6*MW/(Ao*N^^„=.=p)]*(R/d)  . (2) 

where  MW  is  the  molecular  weight  of  EYP,  Aq  is  the  average  area  per  EYP  molecule  at  the 
perflubron/water  interface,  is  the  Avogadro's  number,  p  is  the  density  of  perflubron  and  R  is 
the  perflubron/EYP  ratio. 

Taking  Aq  =  60  A^,  the  values  of  r\  are  calculated  and  shown  in  Figure  lb.  It  can  be 
seen  that  there  is  an  optimal  range  for  the  perflubron/EYP  ratio  (R).  When  R  is  below  15,  r| 
decreases  almost  proportionally  with  a  decrease  of  R,  indicating  an  excess  of  EYP.  When  R  is 
above  30,  r\  levels  off,  but  the  diameter  increases  proportionally  with  an  increase  of  R. 

Perfluorocaibon  Emulsions  and  Ostwald  Ripening 

Lifshits  and  Slezov  [4]  studied  the  grain  growth  by  Ostwald  ripening  in  supersaturated 
solid  solutions  (without  taking  surfactant  interfacial  layer  into  account), 

d/dt  (r^)  =  8yV^CD/9RT  . (3) 

where  t  is  the  time,  r  the  mean  grain  radius,  y  the  interfacial  tension,  the  molar  volume  of 
disperse  phase,  C  and  D  the  solubility  and  diffusion  coefficient  of  the  disperse  phase  in  the 
continuous  phase.  They  have  assumed  the  "interaction"  between  grains  negligible  (i.e.  the 
system  is  dilute)  and  the  degree  of  supersaturation  to  be  small.  There  are  no  concentration  and 
weak  T  dependence  on  grain  growth  in  equation  3.  Higuchi  and  Misra  [5]  derived  a  similar 
expression  as  applied  to  emulsions. 

Davis  et  al.  [6]  suggested  that  Ostwald  ripening  could  be  the  primaiy  cause  of  aging  for 
perfluorocarbon  (PFC)  emulsions.  Kabal'nov  et  al.  [7]  observed  the  linear  increase  of  droplet 
volume  of  PFC/Proxanol  emulsions  with  time  and  applied  Lifshits'  expression  to  them.  Varescon 
et  al.  [8]  observed  that  droplet  volume  increased  linearly  with  time  in  perfluorodecalin/Pluronic 
F-68  and  other  concentrated  PFC  emulsions,  thus  allowing  the  description  of  emulsion’s  stability 
by  a  single  figure  for  a  given  PFC  at  a  given  temperature. 

Droplet  Growth  in  Perflubron  Emulsions 

Emulsion  droplet  growth  rate.  We  observed  that  plotting  the  cube  of  the  volume-weighted 
diameter  of  emulsion  droplets  vs.  time  gave  a  straight  line,  as  shown  in  Figure  2a  for  a  90%  w/v 
perflubron-4%  w/v  EYP  emulsion.  For  convenience,  the  "Stability  Parameter"  S  is  used  to 
represent  the  emulsion  droplet  growth  rate.  "S"  is  defined  as  the  slope  of  linear  fit  of  the  cube  of 
the  diameter  (volume-weighted)  vs.  time,  in  p-m^/month  [9]. 

The  storage  temperature  dependence  of  S.  It  has  been  observed  that  S  is  proportional  to 
exp(-E/RT)  in  the  range  of  5  to  40°C.  E  is  apparent  activation  energy.  Plotting  log(S)  vs.  1/T 
gave  a  straight  line  as  is  shown  in  Figure  2b.  Kraffl  et  al.  have  studied  the  influence  of  storage 
temperature  on  droplet  growth  rate  with  concentrated  perfluorodecalin  emulsions  [10]. 


NI  ET  AL. 


1310 


60 

50 

"c 

o 

40 

ro 

< 

E 

3 

30 

o 

o 

o 

20 

tZ) 

10 


0 . 

10  20  30  40  50  60  70  80  90  100  110  120 

Perflubron%  w/v 


FIGURE  3.  Influence  of  perflubron%  on  emulsion  droplet  growth  rate. 
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The perflubronVo  dependence  ofS.  The  S  values  of  1 5-1 10%  w/v  perflubron  emulsions 
(perflubron/EYP  =  22,5)  stored  at  40°C  vs.  perflubron%  are  shown  in  Figure  3.  The  emulsion 
droplet  growth  rate  was  nearly  proportional  to  the  perflubron%.  The  effects  of  a  finite  volume 
fraction  of  disperse  phase  on  the  coarsening  behavior  and  droplet  growth  rate  of  two-phase 
systems  have  been  discussed  by  Voorhees  [11]. 

Simultaneous  Study  of  Fonnulation  and  Process  Parameters 

Experimental  design  with  ECHIP.  The  independent  variables  (and  their  ranges)  are: 
homogenization  temperature  T  (30-60°C),  homogenization  pressure  P  (3000-9000  psi), 
perflubron%  w/v  (40-90),  perflubron/EYP  (22.5-30  w/w)  and  number  of  passes  (4-10). 

Responses  (i.e.  droplet  growth  rates  at  40°C  as  well  as  initial  droplet  diameters)  were  fitted  with 
a  quadratic  model  of  the  above  five  independent  variables. 

The  effects  of  perfIubron%  and  temperature  on  S.  The  contour  plots  of  "S  at  P  ==  4500  psi, 
perflubron/EYP  =  26.3,  pass  =  7"  are  shown  in  Figure  4.  The  S  value  increased  proportionally 
with  the  perflubron%,  which  agrees  with  the  above  observation. 

The  effects  of  pressure  and  temperature  on  S  In  the  contour  plots  of  "S  at  perflubron%  =  90, 
perflubron/EYP  =  26.3,  pass  =  7"  (Figure  5),  the  droplet  growth  rate  decreased  appreciably  with 
a  decrease  of  pressure.  A  similar  trend  was  observed  for  100%  w/v  perflubron  emulsions  [12]. 
From  Figures  4  and  5,  it  was  seen  that  the  S  value  varied  quadratically  with  T  to  some  extent. 

The  effects  of  number  of passes  and  pressure  on  S  Figure  6  indicates  an  optimal  combination  of 
number  of  passes  and  pressure.  This  may  be  explained  by  "overwork",  which  refers  to  excess 
process  energy.  To  maintain  optimal  process  energy,  increase  of  one  of  the  energetic  variables 
requires  reduction  of  the  other. 
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The  effects  of  P  and  T  on  the  initial  droplet  size.  Figure  7  shows  that  a  minimal  initial  droplet 
size  was  found  at  higher  pressures  and  lower  temperatures.  The  effects  of  P  and  T,  however, 
were  not  substantial.  The  initial  droplet  size  only  varied  about  0.04  pm  from  the  minimum 
(about  0.25  pm)  to  the  maximum  (about  0.29  pm). 
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ABSTRACT 

The  Ostwald  ripening  mechanism  has  been  studied  using  sedimentation  field- 
flow  fractionation  (SdFFF).  It  has  been  shown  that  significant  partitioning  between 
different  sized  droplets  occurs  for  two  component  disperse  phase  emulsions,  when 
one  of  the  components  is  virtually  insoluble  in  the  continuous  phase. 

INTRODUCTION 

Physical  stability  is  an  essential  prerequisite  for  fluorocarbon  emulsions 
destined  for  medical  applications  [1-3].  Ostwald  ripening  (also  known  as  emulsion 
transcondensation  or  molecular  diffusion)  is  the  primary  mechanism  of  growth  in 
small  particle  fluorocarbon  emulsions.  Ostwald  ripening  results  from  the  isothermal 
distillation  of  fluorocarbon  molecules  from  one  droplet  to  another  through  the 
continuous  phase.  The  driving  force  for  Ostwald  ripening  is  the  small  difference  in 
oil  solubility  in  the  continuous  phase  which  occurs  as  a  consequence  of  capillarity. 
According  to  Kelvin's  law,  the  disperse  phase  vapor  pressure  increases  with 
increases  in  the  radius  of  curvature  of  the  droplets.  In  the  case  of  an  oil  droplet 
with  minimal  solubility  in  the  continuous  phase,  the  Kelvin  equation  can  be  written 
in  terms  of  solubility  instead  of  vapor  pressure,  viz. 

RT  In  (Ca/Co)  =  2yV/a  (1) 

where  Cg  is  the  solubility  of  a  droplet  with  radius  a,  Cq  the  solubility  of  the  bulk 
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oil,  y,  the  interfacial  tension,  and  V,  the  molar  volume.  Very  small  droplets  will  be 
more  soluble  than  the  bulk  oil  phase,  thereby,  making  the  small  droplets 
thermodynamically  unstable.  The  smaller  droplets  will  tend  to  dissolve  and  the 
dissolved  oil  will  subsequently  diffiise  into  the  larger  droplets. 

The  kinetics  for  particle  growth  by  Ostwald  ripening  are  most  often  described 
in  terms  of  Lifshitz-Slyozov-Wagner  (LSW)  theory  [4].  LSW  theory  relates  that 
for  a  single  component  disperse  phase,  the  cube  of  the  mean  particle  radius 
increases  linearly  with  time  at  a  rate,  o. 

CO  =  d/dt  (a)3  =  8yVCaD/9RT  (2) 

where,  D  is  the  diffusion  coefficient  of  the  disperse  phase  substance  in  the 
continuous  phase,  R,  is  the  molar  gas  constant,  and  T,  the  absolute  temperature. 

To  counteract  emulsion  growth  via  Ostwald  ripening,  Higuchi  and  Misra  [5] 
proposed  the  addition  of  a  second  disperse  phase  component  which  is  insoluble  in 
the  continuous  phase.  In  this  case,  significant  partitioning  of  the  two  disperse 
phase  components  will  occur  between  different  sized  droplets  upon  storage,  with 
the  low  water  solubility  component  expected  to  be  concentrated  in  the  smaller 
droplets.  Emulsion  stabilization  occurs  because  of  a  balance  of  two  effects.  The 
partitioning  of  fluorocarbon  components  between  different  sized  droplets  leads  to 
decreased  solubility  for  the  smaller  droplets  according  to  Raoult's  law.  This 
compensates  for  the  difference  in  chemical  potentials  between  the  main 
fluorocarbon  component  and  the  minor  component  which  was  caused  by  the 
difference  in  capillary  pressures.  When  the  concentration  effect  completely 
compensates  the  capillary  one  the  mass  transfer  terminates,  and  the  rate  of  Ostwald 
ripening  becomes  equal  to  zero.  The  emulsion  growth  rate,  for  a  two 
component  disperse  phase  is  given  by: 

®ab  ^  1  /  [(^a/“a)  +  (V®b)] 

where  a  and  b  designate  fluorocarbon  a  and  b  respectively,  and  (j)  is  the  volume 
fraction  of  the  component  in  the  disperse  phase. 

In  this  study,  we  examine  the  kinetics  of  particle  growth  in  concentrated 
emulsions  containing  two  disperse  phase  components  chosen  from  the  same 
chemical  family,  viz.  perfluorohexyl  bromide  (PFHB),  perfluorooctyl  bromide 
(perflubron,  PFOB),  and  perfluorodecyl  bromide  (PFDB).  We  also  show 
preliminary  data  concerning  the  partitioning  of  fluorocarbons  in  two-component 
disperse  phase  emulsions  via  sedimentation  field-flow  fractionation  (SdFFF). 
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SdFFF  is  an  unusual  particle  sizing  technique  which  affords  a  unique 
opportunity  to  determine  the  particle  size  distribution  of  fluorocarbon  emulsions  as 
well  as  to  collect  monosized  fractions  of  the  emulsion.  These  fractions  can  then  be 
subsequently  analyzed  by  an  analytical  method  such  as  gas  chromatography  to 
characterize  and  quantitate  the  fluorocarbon  components  of  the  particles.  In  this 
way  it  is  possible  to  monitor  the  migration  of  fluorocarbons,  over  time,  from 
particles  of  one  droplet  size  to  another. 

MATERIALS  AND  METHODS 

Concentrated  (90%  w/v  fluorocarbon  emulsions)  containing  various  ratios  of 
PFHB,  PFOB  and  PFDB  were  manufactured  under  high  pressure  homogenization. 
Emulsions  were  stabilized  versus  coalescence  via  addition  of  4%  w/v  egg  yolk 
phospholipid  (EYP).  The  emulsions  were  placed  on  an  accelerated  particle  stability 
program  at  40  °C. 

Fractionation  experiments  were  performed  on  a  model  SlOl  SdFFF 
(FFFractionation  Inc.,  Salt  Lake  City,  Utah).  The  instrumental  conditions  have 
been  described  previously  [5],  At  various  timepoints,  the  individual  fluorocarbon 
concentrations  of  a  set  of  monosized  fractions  were  determined  by  injecting  100  pI 
of  the  neat  emulsion  and  collecting  fractions  across  the  range  of  the  particle  size 
distribution.  The  fluorocarbons  were  extracted  from  these  fractions  into  isooctane 
and  analyzed  by  gas  chromatography  (electron  capture  detector)  against  external 
standards. 


RESULTS  AND  DISCUSSION 

Figure  1  presents  linear  plots  of  the  cube  of  the  droplet  diameter  vs.  time  for 
concentrated  fluorocarbon  emulsions.  The  primary  fluorocarbon  is  PFOB,  while 
the  minor  components  are  either  PFHB  or  PFDB.  The  linear  plots  are  consistent 
with  an  Ostwald  ripening  growth  mechanism.  The  "S"  values  represent  emulsion 
growth  rates  in  units  of  pm^/month.  Addition  of  as  little  as  1%  w/w  PFDB 
decreases  the  growth  rate  of  PFOB  emulsions  by  greater  than  three  times. 
Addition  of  10%  w/w  PFDB  leads  to  an  order  of  magnitude  decrease  in  the 
particle  growth  rate.  Conversely,  addition  of  36%  w/w  PFHB  leads  to  a  dramatic 
decrease  in  stability  of  the  PFOB  emulsion  with  an  increase  in  growth  rate  by  a 
factor  of  2.5.  The  water  solubilities  of  the  three  fluorocarbon  components  would 
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Time  (month) 

FIGURE  1 .  Diameter  cubed  vs.  time  for  a  series  of  concentrated  fluorocarbon 
emulsions.  Linear  dependence  of  curves  indicative  of  an  Ostwald  ripening 
mechanism. 


be  expected  to  decrease  in  the  order  PFHB  >  PFOB  >  PFDB,  consistent  with  the 
changes  in  physical  stability  noted. 

SdFFF  fractograms  obtained  for  a  concentrated  emulsion  containing  a  90/10 
w/w  ratio  of  PFOB/PFDB  are  illustrated  in  Figure  2.  Shown  are  fractograms  after 
1  and  4  months  of  storage  at  40  ®C.  The  shoulder  which  appears  next  to  the  initial 
sharp  void  volume  peak  is  due  to  the  presence  of  free  lipid  vesicles.  The  larger 
sized  droplet  population  is  assigned  to  the  fluorocarbon  emulsion  droplets.  The 
emulsion  peak  after  1  month  has  a  median  diameter  of  0.23  pm.  After  4  months 
storage,  the  distribution  has  grown  and  broadened  to  a  median  diameter  of  0.3 1 
pm. 

The  partitioning  of  the  PFOB  and  PFDB  components  in  various  sized 
emulsion  droplets  is  illustrated  in  Figure  3.  Shown  are  the  SdFFF  fractogram  and 
PFOB/PFDB  w/w  ratio  as  obtained  by  gas  chromotography  for  a  90/10  w/w 
PFOB/PFDB  fluorocarbon  mixture  (bulk  ratio  of  PFOB/PFDB  =  9).  This  would 
also  be  the  ratio  of  components  expected  in  emulsion  droplets  in  the  absence  of 
molecular  diffusion.  After  one  month  of  storage,  the  sample  has  evolved  such  that 
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FIGURE  2.  SdFFF  fractograms  obtained  for  a  concentrated  fluorocarbon 
emulsion  containing  a  90/10  w/w  ratio  of  PFOB/PFDB.  The  median  diameter 
increases  from  0.23  to  0.31  gm  between  1  and  4  months  of  storage  at  40  °C. 
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FIGURE  3.  Partitioning  of  fluorocarbon  observed  in  fluorocarbon  emulsions 
containing  two  disperse  phase  components  (t  =  1  month  at  40  °C).  The  small 
droplets  are  enriched  in  the  low  solubility  component. 
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FIGURE  4.  Effect  of  storage  on  droplet  partitioning  in  fluorocarbon  emulsions 
containing  two  disperse  phase  components.  With  time,  the  larger  droplets  are 
increasingly  concentrated  in  the  high  vapor  pressure,  high  water  solubility 
component. 


the  smaller  droplets  (<  0.24  |im)  have  a  PFOB/PFDB  ratio  of  ca.  7.  The  smaller 
droplets  are,  therefore,  enriched  by  ca.  2,5%  in  PFDB  over  bulk  compositions.  On 
the  other  hand,  larger  droplets  (e.g.  0.36  |.im)  have  a  PFOB/PFDB  of  ca.  11,  i.e. 
significantly  enriched  in  the  high  vapor  pressure  component. 

Figure  4  shows  a  comparison  of  the  PFOB/PFDB  ratio  in  various  sized 
emulsion  droplets  after  1  and  4  months  of  storage  at  40  °C.  This  data  provides  the 
first  direct  proof  of  component  partitioning  during  mass  transfer  between  different 
sized  droplets  in  two  component  disperse  phase  fluorocarbon  emulsions.  After  4 
months  the  larger  droplets  are  enriched  to  an  even  greater  extent  than  at  1  month. 
The  small  droplets  have  shrunk  to  the  extent  that  they  are  now  eluted  in  the  void 
volume.  The  PFOB/PFDB  ratio  in  the  void  volume  suggests  that  approximately 
1/3  of  the  small  droplet  fluorocarbon  composition  is  now  PFDB. 

CONCLUSIONS 

The  linear  plots  of  d^  vs.  time,  and  the  partitioning  of  PFOB  and  PFDB  in 
droplets  containing  two  fluorocarbon  components  are  consistent  with  an  Ostwald 
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ripening  growth  mechanism.  SdFFF  measurements  provide  the  unique  opportunity 
to  follow  mass  transfer  processes  in  perfluorocarbon  emulsions. 
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ABSTRACT 

Flocculation  of  o/w  emulsions  consisting  of  a 
perfluorochemical  (PEC)  emulsified  by  either  phospholipids  or 
decaglyceroldioleate  (10-2-0)  was  assessed  both  by  direct 
observation  and  through  photon  correlation  spectroscopy  (PCS) 
and  viscoelasticity  measurements  in  unsteady  oscillatory  flow. 
Flocculation  gives  rise  to  emulsion  instability  but  can  be 
prevented  (a)  by  the  addition  of  a  negatively  charged 
surfactant  to  either  phosphatidylcholine  (PC)  or  10-2-0, 
respectively  the  zwitterionic  phospholipid  and  the  nonionic 
surfactant  used  as  primary  emulsifiers,  or  (b)  by  using  a 
saccharide  solution  as  the  continuous  phase.  The  study 
indicates  that  both  electrostatic  (Coulombic)  repulsive  forces 
and  hydration  (steric)  forces  play  a  role  in  preventing 
flocculation.  Various  minor  components  of  the  egg  yolk 
phospholipids  (EYP)  used  in  commercial  emulsion  preparation 
probably  stabilize  the  emulsion  by  increasing  both  electrostatic 
and  hydration  repulsion. 

INTRODUCTION 

Considerable  interest  in  perflubron  (PFOB)  emulsions  has 
arisen  from  their  numerous  potential  biomedical  applications, 
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as  (among  other  things)  imaging  solutions  and  oxygen-carrying 
solutions  (i.e.,  red  blood  cell  substitutes)  [1,  2].  The  objective  of 
the  present  work  was  to  determine  the  factors  involved  in  the 
stability  of  PFOB/saline  emulsions  with  egg  yolk  phospholipids 
(EYP)  as  an  emulsifier. 

MATERIALS  AND  METHODS 

Phospholipon  90H  (PL)  was  purchased  from  American 
Lecithin  Company  (Danbury,  CT)  and  was  used  without  further 
purification.  Perflubron  (perfluorooctyl  bromide,  PFOB)  was 
generously  supplied  by  Alliance  Pharmaceutical  Corp.  (San 
Diego,  CA)  and  was  redistilled  twice  before  use. 
Decaglyceroldioleate  (10-2-0)  was  a  gift  from  Karlshamns  USA 
Inc.  (Columbus,  OH).  Dipalmitoyl  phosphatidylcholine  (DPPC), 
stearylamine  (99%)  (SA)  and  cholesteryl  hemisuccinate  (tris 
salt)  (CHS)  were  purchased  from  Sigma  Chemical  Company.  All 
other  chemicals  were  purchased  from  Fisher  Scientific. 

Emulsion  preparation  and  composition 

The  emulsifier  is  first  dispersed  in  the  aqueous  phase  by 
magnetic  stirring  at  65-70°C  until  a  milky  dispersion  is 
obtained.  Then  the  mixture  is  submitted  to  mechanical  work  (3 
min. /1 3,500  rpm/65°C)  in  an  Ultra-Turrax  (UT)  T25  (IKA 
Works,  Inc.,  Cincinnati,  OH)  fitted  with  a  dispersing  tool  S25  KG- 
25  F.  The  oil  is  added  and  the  system  is  mixed  (5  min./13,500 
rpm/65°C)  until  it  yields  a  homogeneous  preemulsion;  this 
preemulsion  is  fed  into  a  microfluidizer  (MF)  MllO-T 
(Microfluidics  Corp.,  Newton,  MA)  (10,000  psi/5-7  passes)  and 
the  resulting  emulsion,  contained  in  glass  vials  with  rubber 
stoppers  and  crimped  aluminum  seals,  is  sterilized  in  a  static 
autoclave  (AMSCO)  (121°C/20  psi/15  min.).  The  total  volume 
of  each  emulsion  sample  is  300  ml.  A  series  of  emulsions  was 
made  using  the  process  described  above.  The  concentrations  of 
dispersed  phase  and  continuous  phase  were  kept  constant,  45% 
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v/v  and  55%  v/v  respectively,  as  was  the  emulsifier 
concentration,  50mM. 

RESULTS  AND  DISCUSSION 

L  PFOB/EYP/saline  emulsion  characterization 

A  practical  formulation  consists  of  PFOB  dispersed  in  a  saline 
solution  with  EYP  (commercially  available  egg  yolk 
phospholipids)  as  an  emulsifier.  This  emulsion  has  been  found 
to  be  stable  over  four  years  at  5°C  [3]  (the  criteria  used  to 
assess  the  emulsion  stability  are  (a)  no  phase  separation,  (b) 
no,  or  very  little,  coalescence,  and  (c)  no  flocculation)  and  has 
been  characterized  [4]  as  being  made  of  (a)  PFOB  droplets 
(about  250  nm  diameter)  encapsulated  in  a  phospholipid 
monolayer  and  (b)  PFOB-free  phospholipid  vesicles  (80-100  nm 
diameter).  Once  the  emulsion  is  made,  a  necessary  condition 
for  its  stability  is  the  presence  of  a  structured  interfacial  film. 
Compression  isotherms  of  a  monolayer  of  EYP  show  that  the 
film  has  a  high  collapse  pressure  (45  mN/m)  and  a  high  surface 
potential  (-1-400  mV  for  a  molecular  surface  area  of  50  A^)  and 
that  the  compression/decompression  curves  have  no,  or  very 
little,  hysteresis:  all  evidence  of  a  structured  film.  Particle- size 
measurement  (PCS)  and  transmission  electron  microscopy 
(TEM)  study  show  that  no  coalescence  or  flocculation  occured 
[4].  Viscoelastic  measurements  also  show  no  evidence  of 
flocculation:  the  low  specific  viscosity  (11  cP)  decreases 

regularly  (a  single  slope)  with  increasing  shear  rate  due  to 
deformation  and  alignment  of  the  droplets  with  the  flow, 
followed  by  a  plateau  when  a  maximum  deformation  is  reached 
(figure  1).  The  elasticity  follows  the  same  pattern  when  the 
shear  strain  is  increased.  Our  purpose  is  to  determine  why  EYP 
is  capable  of  producing  stable  emulsions  of  PFOB. 

EYP  has  a  complex  and  variable  composition  and  is  very 
sensitive  to  oxidation.  Accordingly,  we  decided  to  use  an 
alternative  emulsifier  as  a  simpler  model  for  our  system. 
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2.  10-2-0  and  saturated  PC  as  a  replacement  for  EYP 

Pure  phospholipids  (DPPC)  and  10-2-0  dramatically  reduce 
the  PFOB/saline  interfacial  tension  (from  50  mN/m  between 
pure  PFOB  and  saline  to  1  mN/m  and  6  mN/m  in  the  presence 
of  interfacial  films  of  DPPC  and  10-2-0,  respectively),  with 
resultant  lowering  of  the  free  energy  required  in  the 
emulsification  process,  and  provide  the  structured  interfacial 
film  necessary  for  emulsion  stability,  as  evidenced  by 
monolayer  studies  [5],  Nevertheless,  an  emulsion  of  PFOB  in 
saline  made  with  pure  PL  is  unstable.  Direct  observation  of  the 
emulsions  shows  a  settling  of  a  gel-like  phase  with  a  high 
resistance  to  the  flow  (thixotropic  behavior)  at  the  bottom  of 
the  vial.  The  flocculation  phenomenon  was  confirmed  by 
viscoelastic  measurements  (figure  1).  With  an  increase  in 
shear  strain,  the  elasticity  (stored  energy)  decreases  following 
a  two-slope  pattern:  the  initial  decrease  in  elasticity  (first 
slope)  corresponds  to  a  breakage  of  the  floes,  with  a 
subsequent  additional  decrease  in  elasticity  (second  slope) 
resulting  from  the  reduced  ability  of  single  droplets  to  store 
energy  -  itself  a  result  of  their  stress-induced  flattening.  The 
curve  of  the  specific  viscosity-versus-shear  rate  follows  the 
same  pattern.  First,  the  decrease  in  specific  viscosity  with 
increased  shear  rate  is  due  to  the  breakage  of  the  floes;  then, 
once  the  floes  are  broken,  the  single  droplets  align  themselves 
with  the  flow,  resulting  in  a  lowering  of  the  specific  viscosity. 
This  system  exhibits  high  specific  viscosity  values  (100  to 
2,000  cP)  that  make  it  unsuitable  for  intravenous  injection. 
PFOB  emulsions  prepared  with  10-2-0  in  a  5%  dextrose  solution 
did  not  flocculate,  however.  We  were  prompted  by  our  finding 
that  an  uncharged  interface  yields  flocculation  and  that  the 
presence  of  saccharides  in  the  continuous  phase  prevents 
flocculation  to  study  the  role  of  electrostatic  and  hydration 
forces  in  preventing  flocculation;  we  examined  the  effects  of 
charging  the  interface  and  of  using  a  saccharide  solution  as  a 
continuous  phase,  with  the  results  reported  below. 


Viscosity,  Elasticity  [cP] 


EMULSIONS  OF  PERFLUBRON  IN  AQUEOUS  MEDIA 


1329 


Shear  rate  (1/s],  Shear  strain 


FIGURE  1  —  specific  viscosity  (cP)  versus  shear  rate  (1/s)  and 

—  elasticity  (cP)  versus  shear  strain  of  (1)  PFOB/PL/saline,  (2) 
PFOB/EYP/saline,  (3)  PFOB/PL/5%  dextrose  solution,  and  (4) 
PFOB/(PL  :  CHS  (9  :  1,  mol  :  mol))/saline  at  f  =  2  Hz  and  25°C. 


3.  Model  for  PFOB/EYP/saline  emulsions 

The  great  improvement  in  emulsion  stability  obtained  by 
charging  the  interface  shows  the  importance  of  electrostatic 
forces  in  preventing  flocculation.  But  a  negatively  charged 
interface  (e.g.,  CHS)  (with  highly  hydrated  positive  counterions) 
yielded  much  more  stable  systems  than  a  positively  charged 
interface  (e.g.,  SA)  (with  anionic  counterions  that  are  less 
hydrated  than  cations),  showing  the  contribution  of  hydration 
forces  in  stabilizing  the  emulsion.  This  was  confirmed  by  the 
stabilizing  effect  of  saccharides  (e.g.,  dextrose)  adsorbed  at  an 
uncharged  interface  (figure  1). 

4.  Conclusions 

Flocculation  resulting  from  attractive  forces  can  be 
prevented  by  the  combined  effects  of  electrostatic  and 


1330 


HABIF,  ROSANO,  AND  OLEKSIAK 


hydration  repulsive  forces.  EYP  is  capable  of  producing  stable 
emulsions  of  PFOB  because  EYP  has  a  balanced  composition:  (a) 
major  phospholipids  (PC,  phosphatidyl  ethanolamine)  provide  a 
structured  interfacial  film  and  (b)  some  minor  components 
prevent  flocculation  by  providing  a  strong  hydration  shell 
around  the  emulsion  droplets;  these  include  acidic 
phospholipids  (e.g.,  phosphatidyl  serine,  phosphatidyl  glycerol) 
and  highly  hydrated  compounds  (e,g.,  phosphatidyl  inositol). 
Systems  prepared  with  PL  and  a  negatively  charged  additive 
(such  as  CHS)  that  forms  a  mixed  film  with  PL  but  does  not 
affect  the  film’s  molecular  packing  offer  a  convenient  model  for 
understanding  EYP  systems. 
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ABSTRACT.  Localization  and  accumulation  of  perfluorochemicals  (PFCs)  in  the 
skin  and  internal  organs  of  rats  after  prolonged  surface  application  of  the 
concentrated  PFC  emulsion,  fluorogel,  have  been  studied  by  electron  microscopy 
and  gas-chromatography.  The  PFC  concentration  in  skin  was  about  0.03-0.04  mg 
per  1  g  of  tissue.  Few  aggregates  of  emulsion  particles  were  detected  in  derma.  The 
oxygen-dependent  favorable  effect  of  fluorogel  treatment  of  thermic  burned  skin 
and  wound  surface  was  found. 


INTRODUCTION 

Lately  an  interest  has  grown  to  an  application  of  PFC  emulsions  in  cosmetics  and 
dermatology  [1,2],  in  addition  to  their  traditional  medical  use  as  blood  substitutes 
[3,4].  PFC  emulsions  containing  oxygen  are  considered  to  be  able  to  support 
respiration  and  improve  skin  metabolism  [5].  It  is  not  inconceivable  that  PFC 
emulsions,  besides  their  contributing  to  gas  transport,  could  have  a  beneficial  effect 
on  the  structure  and  functions  of  skin,  preventing  its  aging,  protecting  it  from 
injurious  environmental  factors,  activating  reparative  system,  etc. 

The  present  work  reports  investigations  carried  out  in  two  directions: 

1.  In  order  to  detect  a  mechanism  of  interaction  of  PFC  emulsions  with  skin  cells, 
accumulation  and  localization  of  fluorocarbons  in  rat  skin  after  surface  application 
of  a  PFC  emulsion  have  been  studied  using  electron  microscopy  and  gas-liquid 
chromatograpl^. 

2.  To  estimate  a  therapeutic  efficacy  of  the  fluorocarbon  emulsion,  its  influence  upon 
the  speed  of  repair  of  surgical  wounds  and  thermal  burns  has  been  investigated. 

MATERIALS  AND  METHODS 

Male  Wistar  rats,  weighing  200-250  g,  were  used.  The  composition  of  the 
concentrated  PFC  emulsion,  called  fluorogel,  was  as  follows: 
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PFCs* 

55  ml 

Proxanol  268 

5.5  g 

(analog  of  Pluronic  F  68) 

Glycerol 

0.8  g 

D-Sorbitol 

1.6  g 

1,2-Polypropylene  glycol 

0.5  g 

Tocopherol  acetate 

0.5  g 

2-Bromo-2-nitro- 1 ,3-propanediol 

0.05  g 

Water 

to  100  ml 

Particle  diameter  (average) 

150  nm 

*  -  a  mixture  of  purified  PFCs  containing  80%  of  perfluorodecalin  (PFD). 

When  investigating  the  accumulation  of  PFCs  in  the  animal’s  skin,  0.1  g  of  the 
emulsion  was  applied  on  the  2x2  cm  shaven  area  of  the  rat’s  skin.  To  examine  its 
therapeutic  efficacy,  the  same  dose  of  emulsion  was  spread  on  the  surface  of 
superficial  uninfected  surgical  wounds  and  on  the  surface  of  thermal  Ill-rd  degree 
burns  with  an  equal  damaged  area. 

The  emulsion  was  put  immediately  after  skin  damaging,  and,  subsequently,  every 
day  for  3  days.  Oxygen-dependent  effects  were  investigated  during  a  2-3  hours 
exposure  of  the  animals  to  an  atmosphere  containing  20  and  76%  O2  immediately 
after  spreading  the  emulsion  onto  the  damaged  skin  area.  The  effect  of  the  emulsion 
upon  the  regenerative  process  was  compared  to  that  of  traditional  biostimulating 
preparations:  methyluracil  and  solkoseryl  (protein-free  extract  from  bovine  blood). 

RESULTS 

The  accumulation  of  PFCs  in  skin  after  a  single  application  of  fluorogel  onto  the  skin 
surface  is  shown  in  Fig.  1.  The  content  of  PFD  in  skin  did  not  exceed  0.03-0.04  mg 
per  1  g  of  skin.  Insignificant  amounts  of  fluorocarbons  in  the  skin,  as  determined  by 
gas-liquid  chromatograpl^,  were  revealed  by  electron  microscopy  as  well  (data  not 
presented).  The  PFC  emulsion  was  observed  on  the  surface  of  the  skin  as  aggregates 
of  electron  transparent  particles  of  100-250  nm  in  size.  No  such  structures  were 
found  in  the  thickness  of  the  epidermis.  Few  particle  aggregates  were  found  in  the 
deep  derma.  The  aggregates  were  localized  in  different  sites:  intercellular  space  of 
connective  tissue,  processes  of  connective  tissue  cells,  cytoplasm  of  cells  placed 
close  to  collagenous  fibrils  and  processes  of  cells  that  form  a  hair  follicle  coating. 

After  prolonged  (30  days)  daily  application  of  the  emulsion  onto  the  skin  surface, 
no  accumulation  of  PFCs  was  revealed  in  either  the  skin  or  the  organs  of  the  animals. 
The  largest  quantities  of  PFCs  were  found  in  the  spleen  and  liver  and  were  of  0.04 
and  0.03  mg  of  PFD  per  1  g  of  tissue,  respectively. 

The  electron  micrographs  obviously  demonstrate  the  absence  of  changes  in  cell 
ultrastructure  of  both  the  rat  skin  epidermis  and  derma  in  the  areas  submitted  to 
prolonged  application  of  fluorogel.  However,  keratinocytes  appeared  to  be  slightly 
stimulated:  activation  of  their  nuclei  was  manifested  by  the  appearance  of  active 
nucleoli. 
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PFD  content, 
mg  per  1  g  of  skin 

0.05  r 


Hours 


FIGURE  1.  Accumulation  of  PFD  in  the  rat  skin  after  a  single  application  of 
fluorogel.  Means  and  SEM  are  shown,  n=3. 


TABLE  I.  Efficacy  of  fluorogel,  methyluracil  and  solkoseiyl  in  the 
treatment  of  surgical  wounds  exposed  to  an  atmosphere  containing  20 
and  76%  of  oxygen  (n=10). 


20  %  02 

76  %  02 

Drugs 

wound  repair. 

accele- 

wound  repair. 

accele- 

days 

ration 

days 

ration 

Control 

2L5±0.5 

_ 

20.4±0.5 

_ 

Solkoseryl 

20.3±0.7 

5.6% 

18.7±0.4 

8.3% 

Methyluracil 

15.8±0,3 

26.5% 

16.5±0.2 

19.1% 

Fluorogel 

18.0±0.5 

16.3% 

16.0±0.2 

21.6% 
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TABLE  11.  Comparative  efficacy  of  fluorogel  and  PFD  in  the 
treatment  of  wounds  exposed  to  an  atmosphere  containing  76%  O2 


wound  repair. 

accele- 

Drugs 

days 

ration 

Control 

21.4+0.5 

— 

Fluorogel 

16.8+0.3 

21.5% 

PFD 

18.0+0.5 

15.9% 

2 

Wound  surface,  mm 


Days  after  burn 


FIGURE  2.  Change  of  the  burned  areas  when  treating  withfluorogel  and  solkoseryl. 

1  -  spontaneous  healing;  2  -  with  solkoseiyl;  3  -  with  fluorogel  under  20%  O2;  4  - 
with  fluorogel  under  76%  O2. 


The  results  of  treatment  of  uninfected  surgical  wounds  withfluorogel  are  presented 
in  Tables  I  and  II. 

Since  the  emulsion  is  a  multicomponent  preparation,  the  therapeutic  efficacy  of  its 
main  component  PFD  was  also  examined,  (Table  II). 

The  treatment  of  thermal  burns  was  carried  out  as  follows.  The  preparation 
investigated  was  spread  onto  the  burned  surface  (2x2  cm)  immediately  after 
burning.  The  procedure  was  repeated  every  day  for  3  days.  Necroectomy  was  made 
on  the  5-th  day  after  burning.  Further,  the  treatment  procedure  was  identical  to  that 
of  surgical  wounds.  Fig.  2  and  Table  III  present  the  data  showing  the  effect  of  the 
preparations  under  study  on  the  speed  of  the  regenerative  process. 
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TABLE  III.  Treatment  of  burns  withfluorogel  and  solkoseryl(n=10). 


Drugs 

wound  repair, 
days 

accele 

ration 

Control, 

20  %  O2 

30.3±1.0 

— 

Solkoseryl, 

20  %  O2 

29.5±0.6 

2.6% 

Fluorogel, 

20  %  O2 

28.3±0.6 

6.6% 

Fluorogel, 

76  %  O2 

25.3±1.1 

16.5% 

Note:  An  active  oxygen  aeration  (76%  O2, 2-3  hours  every  day  for  3  days)  did  not  ajBect 
the  regenerative  process  both  in  the  control  and  solkoseryl-treated  groups. 


DISCUSSION 

The  data,  presented  above,  indicate  the  high  elBcacy  of  the  concentrated 
fluorocarbon  emulsion  in  the  treatment  of  surgical  wounds  and  thermal  burns.  The 
effect  depends  on  the  oxygen  concentration  and  seems  to  be  related  particularly  to 
the  PFCs  rather  than  to  the  other  components  of  the  emulsion.  Nonetheless,  a  positive 
influence  of  some  emulsion  properties  other  than  gas  transport  capacity  should  not 
be  neglected. 

The  mechanism  of  the  effect  of  fluorogel  on  the  regenerative  process  remains 
unclear  in  many  respects.  It  should  be  taken  into  account  that  the  evaporation  rate 
of  PFCs  from  the  spread  emulsion  is  rather  high,  approximately  1-2  mg  of  PFCs/min 
per  1  cm^  at  33®C.  An  interaction  of  the  emulsion  particles  with  specialized  cells, 
providing  reparation  of  skin,  as  well  as  the  dissolution  of  fluorocarbons  in  the 
hydrophobic  region  of  biological  membranes  [6]  might  also  underlay  the  mechanism 
involved,  in  addition  to  oxygen  transport  of  PFCs.  It  should  be  particularly 
emphasized  that  the  unique  physico-chemical  properties  of  fluorocarbons  are 
different  from  those  of  usual  lydrocarbon  compounds.  Hence,  the  mechanism  of  the 
curative  effect  of  fluorogel  might  differ  fundamentally  from  that  of  traditional  drugs. 
There  is  a  hope  that  fluorocarbon  emulsions  in  combination  with  traditional  cosmetic 
and  dermatological  preparations  would  intensify  the  therapeutic  effect  of  the  latter 
and  allow  the  development  of  new  effective  drugs. 
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EFFECT  OF  LIPID  ABSORPTION  BY  PERFLUOROCHEMICAL  EMULSIONS  IN  THE 
BLOODSTREAM  AND  PERSPECTIVES  OF  ITS  CLINICAL  APPLICATION. 


E . V.Tereshina  and  N. I, Afonin 
Department  of  Medical  Biotechnology- 
Research  Institute  of  Experimental  and  Clinical  Immunology 
Moscow,  Russia 


Studies  concerning  lipid  absorption  by  perfluorochemical 
particles  (PFC)  during  circulation  in  the  blood  stream  have  been 
reported  in  experimental  animals.  We  studied  the  cholesterol 
absorption  from  high  density  lipoproteins  (rats)  and  erythrocyte 
membrane  [1]  and  composition  of  the  absorbed  lipids  [2]. 

The  aim  of  present  investigation  is  to  clarify  the  influence 
of  the  PFC  chemical  structure  and  synthetic  emulsifier  on  the 
composition  of  the  absorbed  lipids.  The  perspectives  of  clinical 
application  of  the  effect  of  the  lipid  absorption  by  PFC  particles 
is  discussed. 


INTRODUCTION 

The  particle  of  perfluorochemical  (PFC)  emulsion  represents  a 
globule  comprised  of  hydrophobic  nucleus  (perf luorochemicals ) 
surrounded  by  a  layer  of  amphiphylic  compound  (synthetic  and/or 
natural  surfactant).  We  have  found  already  that  during  circulation 
in  the  bloodstream  PFC  particles  absorb  lipids  [2].  Being 
amphyphilic,  lipids  can  be  accepted  by  the  PFC  particle  so  that 
fatty  acids  of  these  lipids  would  be  plunged  into  the  nucleus, 
while  polar  "heads"  are  exposed  outside.  The  PFC-lipids 
interaction  may  be  indifferent  to  the  chemical  structure  of  the 
bound  lipids,  or  there  exists  a  selection  of  lipids  from  the  pool 
of  lipids  circulating  in  the  blood.  The  specificity  of  the 
selection  would  be  defined  by  the  nature  of  the  PFC  and  the 
emulsifier.  In  the  present  investigation  we  attempted  to  evaluate 
the  influence  of  the  PFC  nature  and  the  emulsifier  presence  on 
the  composition  of  the  absorbed  lipids. 

MATERIALS  AND  METHODS 

in  vivo  Wistar  female  rats  weighing  180  g  were  used.  They  were 
infused  with  2.5  ml  of  PFC  emulsion  per  lOOg  of  weight.- 
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Emulsions  of  perf luorodecalin  (PFD),  perf luorotripropylamine 
(PFTPA),  PFD/PFTPA  (7:3),  paramethylcyclohexylpiperidine  (PMCGP) 
all  stabilised  by  procsanol  268  {analog  of  pluronic  F-68)  have 
been  chosen  as  emulsions  of  perf luorochemicals  of  various  classes 
and  their  mixtures.  After  6  hours,  whole  blood  was  taken  and 
centrifuged  at  5000  x  g,  10  min.  The  lipids  were  extracted  from 
the  emulsion  as  described  [2]  and  analysed.  Fatty  acids  were 
analysed  by  means  of  gas  chromatography. 

in  vitro  The  blood  of  one  donor  was  used.  Plasma  was  mixed 
with  the  emulsion  of  PFD/PFTPA  stabilised  by  procsanol  268 
(emulsion  1)  and  the  same  PFCs  stabilised  by  procsanol  and  yolk 
phospholipids  (YPL)  (emulsion  2).  The  mixture  was  gently  shaken  at 
37®C  during  6  hours.  The  fatty  acid  composition  of  the  absorbed 
lipids  was  examined. 


RESULTS 

The  analyses  of  the  absorbed  lipids  have  revealed  the  fact 
that  during  circulation  in  the  blood  stream  PFC  particles  absorb 
phosphatidylcholine  (PC),  phosphatidylethanolamine  (PE), 
sphingomyelin  (SM),  phosphatidylserine  (PS),  cholesterol  (Choi), 
cholesterol  esters  (CholE),  triglycerides  (TG),  free  fatty  acids 
(FFA) . 

In  spite  of  the  changes  in  the  quantitative  composition 
occurring  in  the  course  of  the  circulation,  the  PC  content  of  the 
absorbed  lipids  remains  practically  unchanged  while  the  Choi 
quantity  is  permanently  increasing.  The  PC/Chol  ratio  comprising 
3.5:1  after  I  h  of  circulation  changed  to  1:1  after  24  h. 

Contrary  to  the  PFD,  PFTPA  and  PFD/PFTPA  emulsions  PMCGP 
emulsion  absorbs  mainly  PC  and  SM.  The  PC/Chol  ratio  was  constant 
and  showed  1:1  during  the  whole  period  of  circulation  (1-24  h) 
(data  not  shown).  The  analyses  of  the  neutral  lipids  composition 
of  this  emulsion  unexpectedly  revealed  high  content  of  the  Choi  E. 

In  order  to  define  more  accurately  the  diference  of  lipids 
absorbed  by  various  PFCs  we  examined  their  fatty  acid  composition 
(table  II) . 

It  is  seen  that  fatty  acid  composition  of  lipids  absorbed  by  PFD 
and  PFD/PFTPA  emulsions  are  somewhat  alike  except  for  the  content 
of  separate  acids  such  as  C  jsiO  (phospholipids)  and  C  isjQ/  ^ 
18:2  (neutral  lipids).  The  fatty  acid  composition  of  lipids 
absorbed  by  PMCGP  emulsion  was  quite  different.  In  this  case 
lipids  with  fatty  acids  of  high  molecular  weight  predominated. 

In  order  to  clarify  the  role  of  the  synthetic  emulsifier  in 
the  specificity  of  the  lipid  absorption  we  tried  to  identify  those 
fatty  acids  that  were  accepted  by  procsanol.  The  lipids  were 
extracted  from  the  emulsion  PFD/PFTPA  (prepared  de  novo) 
stabilised  by  procsanol  268  and  YPL.  YPL  and  procsanol  268  were 
transferred  to  the  chlorophorm  phase  and  analysed  by  thin  layer 
chromatography  (TLC)  (table  III).  It  is  of  interest  to  note  that  a 
fatty  acid  of  high  molecular  weght  identified  as  C24.0  was  found 
both  in  the  PFD  emulsion  (phospholipids)  and  in  the  procsanol. 
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TABLE  I. The  composition  of  lipids  absorbed  by  PFC  emulsions 


- r* 

LIPIDS 

■ 

- r 

PFD/PFTPA 

1 

- r 

PFD 

1 

— 

PFTPA 

PMCGP 

_ 

|*PC 

52.5 

54.8 

48.2 

36.2 

*PE 

10.5 

6.2 

9.2 

16.0 

*PS 

10.9 

13.4 

10.6 

14.2 

*SM 

26.4 

25.2 

39.0 

33.7 

total  PhL+ 

56.2 

52.9 

29.9 

20.0 

1  Chol+ 

21.6 

42.4 

65.3 

26.3 

1  FFA+ 

5.7 

4.7 

4.8 

13.6 

{  TG+ 

8.0 

trace 

trace 

11.6 

j  CholEt 

1 _ 

6.6 

trace 

trace 

29.8 

*  -  %  of  total  phospholipids 
+  -  %  of  total  lipids 


TABLE  II.  The  fatty  acid  composition  of  lipids  absorbed  by  the  PFC 
emulsions 


r 

FATTY 

EMULSIONS 

ACIDS 

PFD 

PFD/PFTPA 

PMCGP 

LIPIDS 

I 

PC 

NL 

PL 

NL 

PL 

NL 

n 

C  12:0 

6.4 

0.9 

1.0 

0.8 

0.1 

0.4 

^  14:0 

5.8 

7.0 

16.2 

1.8 

0.1 

0.3 

C  16:0 

34.6 

18.4 

34.8 

17.9 

7.3 

17.8 

^  16:1 

10.8 

5.0 

- 

5.3 

- 

- 

C  18:0 

3.0 

3.0 

14.3 

11.4 

7.0 

11.7 

^  18:1 

32.8 

10.9 

24.6 

9.8 

11.6 

15.0 

^  18:2 

3.2 

2.4 

1.2 

10.1 

13.5 

8.5 

^  20:0 

- 

- 

- 

6.4 

13.2 

8.6 

^  20:2 

- 

5.0 

- 

5.4 

- 

4.7 

C  20.5 

- 

- 

- 

3.2 

15.6 

8.8 

C  22.1 

- 

- 

7.4 

11.8 

4.6 

^  22:5 

“ 

- 

- 

- 

10.8 

8.4 

^  24:0 

“ 

44.7 

“ 

2.5 
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TABLE  III.  The  fatty  acid  composition  of  the  YPL  alone,  lipids  of 
the  PFD/PFTPA  emulsion  (prepared  de  novo)  and  TLC  procsanol  268 
fraction 


(  FATTY 

1  ACIDS 

1 

YPL 

PFD/PFTPA 
EMULSION  LIPIDS 

TLC  PROCSANOL 

FRACTION 

1 

•  C  14:0 

0.4 

0.4 

1.6 

I  ^  15:0 

0.4 

0.3 

0.4 

1  C  16:0 

17.7 

39.4 

18.4 

1  C  16:1 

3.6 

3.7 

1.8 

1  ^  17:0 

0.5 

1.1 

0.3 

1  C  18:0 

2.8 

7.4 

9.1 

1  ^  18:1 

38.6 

32.4 

11.2 

1  ^  18:2 

21.8 

13.4 

1.2 

1  18:3 

0.1 

- 

- 

1  ^  20:2 

0.3 

- 

“ 

1  C  20:3 

0.6 

- 

- 

1  20:4 

7.5 

1.5 

7.5 

1  ^  24:0 

0.4 

- 

47.2 

o 

to 

ro 

1.7 

- 

1  ^  22:5 

0.2 

- 

- 

1  22:6 

3.0 

0.4 

The  specificity  of  the  lipid  absorption  by  the  PFC  emulsion 
can  be  demonstrated  according  to  the  results  obtained  during  in 
vitro  incubation  with  donor  plasma  of  the  emulsions  stabilised  by 
two  types  of  emulcifier  (emulsion  1  and  2)  (table  IV).  It  is  shown 
that  in  the  case  of  the  emulsion  1  the  fatty  acid  composition  of 
the  absorbed  lipids  didn't  depend  on  the  extent  of  the  dilution, 

meanwhile  in  the  case  of  the  emulsion  2  the  fatty  acid  set 
resembled  the  same  as  YPL  at  dilutions  1:1  and  1:2  and  the  same 
for  emulsion  1  at  dilutions  of  1:4  and  1:8. 

DISCUSSION 

The  PFCs  are  known  as  chemicaly  inert  compounds  inaccessible 
for  enzymes.  Nevertheless,  when  circulating  in  the  bloodstream 
they  demonstrate  biological  activity.  One  may  propose  that  being 
in  plasma  PFC  particle  resembles  a  chylomicron  for  it  has  similar 
hydrophobic  nucleus  (PFC)  surrounded  by  amphyphilic  compound 
(surface  active  agent  and/or  phospholipids). 

It  has  been  shown  [1]  that  in  the  process  of  circulation 
PFC  particles  interact  with  cholesterol  rich  lipoproteins  (such  as 
high  density  lipoproteins  of  rats)  and  the  erythrocyte  membrane 
absorbing  cholesterol.  Investigations  have  revealed  the  PFC 
particle's  capacity  to  absorb  all  classes  of  lipids:  phospholipids 
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TABLE  IV. The  fatty  acid  composition  of  the  lipids  absorbed  by  the 
emulsions  1  and  2  after  the  incubation  with  the  donor  plasma 


FATTY 

1  ACIDS 

EMULSION  1 

EMULSION  2 

DILUTIONS 

1:2 

1:4 

1:8 

1:1 

1:2 

1:4 

1:8 

r 

^14:0 

0.5 

0.1 

0.1 

0.1 

4.0 

3.0 

3.1 

^  15:0 

6.0 

7.0 

7.0 

0.3 

6.0 

7.0 

6.9 

^  16:0 

34.9 

34,  1 

34.2 

28.1 

34.5 

34.4 

34.4 

C  16:1 

1.0 

1.6 

1.4 

2.1 

0.9 

2.1 

2.5 

^  18:0 

11.0 

8.9 

15.5 

14.5 

17.7 

3.8 

12.6 

^  18:1 

2.1 

1.4 

- 

25.3 

15.3 

2.6 

2.3 

^  18:2 

2.0 

1.5 

- 

13.5 

- 

- 

- 

C  20:0 

3.2 

3.2 

- 

2.8 

1.4 

6.2 

6.4 

20:4 

1.5 

1.8 

1.3 

0.3 

3.2 

1.4 

- 

^  22:5 

1.8 

2.0 

- 

0.4 

2.8 

- 

- 

^  24:0 

24.1 

22.3 

21.5 

3.2 

8.5 

23.7 

18.8 

L 

unident. 

3.9 

4.3 

5.6 

— 

“ 

9.5 

5.6 

*  Dilution  1:1  (emulsion  1):  The  analysis  is  impossible  because 
of  the  large  amount  of  the  procsanol  268. 


and  neutral  lipids  in  combinations  occured  in  plasma  (the 
distribution  of  major  and  minor  components)  [2]. 

The  present  data  is  a  step  forward.  We  have  found  that  the 
quantitative  and  qualitative  composition  of  the  absorbed  lipids 
depended  on  the  chemical  structure  of  the  PFC.  Moreover,  it  was 
not  stable  and  underwent  certain  changes  during  the  observed 
period  of  circulation  (1-24  h) .  The  difference  between  the 
emulsions  in  the  lipids  absorbed  was  demonstrated  by  the  PH/Chol 
ratio  that  changed  from  3.5:1  to  1:1  (PFD/PFTPA)  or  remained 
stable  1:1  (PMCGP).  According  to  the  analyses  of  fatty  acid 
distribution  of  the  absorbed  lipids,  PFD/PFTPA,  PFD  and  PFTPA 
emulsions  differed  mainly  by  the  quantities  of  some  acids  (  C 
18: Of  C  ig;!  f  except  for  C  24:0  emulsion)  while  the  PMCGP 
emulsion  absorbed  lipids  with  fatty  acids  of  high  molecular 
weight.  We  may  suspect  that  procsanol  participate  in  the 
absorbance  of  the  fatty  acid  identified  as  C  24:0* 

Do  yPL  prevent  PFC  particle  from  the  lipid  absorption?  The 
in  vitro  experiments  with  the  emulsions  1  and  2  indicate 
indirectly  the  fact  that  PFC  particles  absorbed  lipids 
specifically  from  any  pool  whether  it  was  YPL  or  plasma  lipids. 

The  PFC  particle's  ability  to  absorb  lipids  and  Choi  of  the 
cholesterol  rich  lipoproteins  and  cell  membranes  may  find  its 
application  in  some  cases  of  hypercholesterinemia  and 
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dislipoproteinemia.  In  our  opinion  the  PFC  emulsion's  circulation 
in  the  bloodstream  acts  as  a  new  additional  lipid/transporting 
system.  By  manipulating  with  various  PFCs  and  their  combinations 
with  emulsifiers,  some  novel  preparations  could  be  designed  for 
corrections  of  failures  in  lipid  metabolism. 

The  last  decade  has  been  devoted  to  searching  for  an 
effective  antiAIDS  remedy.  HIV-1  posesses  a  lipid  cover  derived 
from  the  cell  membrane.  The  first  stage  of  the  infection  is  a 
recognition  of  the  viral  cover  glycoprotein  gpl20  by  the  host  cell 
membrane  receptor.  Fluidization  of  both  viral  cover  and  cell 
membrane  by  Choi  extraction  leads  to  a  lack  of  infectivity. 
M.Shinitzky  et  al.,  (Israel)  [6]  have  carried  out  succesful 
clinical  trials  of  the  new  fluidisator  AL— 721  (active  lipid, 
chylomicron-like  structure)  able  to  absorb  Choi.  In  our  in  vitro 
experiments  we  evaluated  the  PFC  emulsion  effectiveness  to  prevent 
HIV-1  interaction  with  lymphocytes,  which  was  more  than  80% 
(data  not  shown) . 

In  comparison  with  AL-721,  PFC  emulsions  have  prolonged 
circulation  time  in  the  bloodstream  and  absorb  Choi  to  a  high 
extent . 

In  conclusion,  we  would  like  to  discuss  briefly  the 
phenomenon  of  complement  activation  by  the  PFC  infusion.  There 
are  findings  in  the  literature  some  findings  indicating 
immonogenc ity  of  phospholipids  [3].  The  last  were  able  to  produce 
specific  antibodies  being  attached  to  a  solid  base  [4].  Liposomes 
of  certain  lipid  composition  could  activate  complement  [5]. 
Probably,  the  lipid  absorption  by  PfC  particles  is  a  reason  for 
postinfusion  complications. 
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ABSTRACT 

Mongrel  dogs  were  anesthetized  and  prepared  for  hemodynamic  monitoring 
and  the  measurement  of  blood  flow  distribution  using  radionuclide-labelled 
microspheres  (15±2  pm).  Four  dogs  were  infused  with  a  perflubron  emulsion  (E) 
(90%  w/v  perflubron  containing  egg  yolk  phospholipid  as  a  stabilizer)  and  five  dogs 
were  infused  with  the  vehicle  (V)  (same  composition  without  the  perfluorocarbon). 
Both  infusions  were  given  at  the  dose  of  3  ml/Kg  over  a  30-minute  period. 
Measurements  of  blood  pressures  and  cardiac  output  were  made  before,  at  12 
minutes  of  the  infusion  and  at  5,  30  and  60  minutes  post-infusion.  Blood  flow 
distribution  was  determined  before,  at  the  15“’  minute  of  the  infusion  and  at  2  and 
60  minutes  post-infusion.  One  dog  infused  with  V  exhibited  a  hypotensive  reaction 
and  urticaria:  this  was  excluded  from  the  group  statistics.  Neither  group  showed 
statistically  significant  hemodynamic  changes  during  or  after  the  infusion,  although 
both  E  and  V  groups  showed  transient  elevation  of  the  stroke  volume.  Blood  flows 
were  raised  consistently  to  the  heart  and  renal  cortex  and  transiently  to  some 
skeletal  muscles  by  E  treatment. 


INTRODUCTION 

While  the  hemodynamic  effects  of  the  first  generation  of  perfluorocarbon 
(PFC)  emulsions  (e.g.  Fluosol-DA)  are  well  characterized  [1,2],  the  effects  of  the 
second  generation  of  such  products,  containing  a  higher  concentration  of  PFC  and 
emulsified  with  a  different  stabilizer,  are  not  clearly  defined.  The  present 
experiments  were  undertaken  to  characterize  the  hemodynamic  effects  associated 
with  infusions  of  a  new  product  (OXYGENT®)  prepared  as  a  90%  w/v  emulsion  of 
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perflubron  (perfluorooctyl  bromide)  emulsified  with  egg  yolk  phospholipid  [3].  The 
dose  was  chosen  as  that  which  is  contemplated  for  clinical  use  in  blood  pool 
imaging  of  the  same  product  (IMAGENT®).  Dogs  were  chosen  for  these 
experiments,  because  of  their  extensive  use  in  preclinical  studies  and  the  relative 
absence  of  pulmonary  macrophages  in  this  species;  in  this  respect,  the  dog  is 
more  similar  than  swine  to  man. 


METHODS 

Perflubron  emulsion  (90%  w/v  AF0104  Batch  #  BC11090),  and  Vehicle  (a 
dispersion  of  the  same  ingredients  without  the  perfluorocarbon)  (0/7.5)  (Batch  # 
ZY11024)  were  obtained  from  Alliance  Pharmaceutical  Corp.  (San  Diego,  CA)  and 
stored  at  4°C  until  used.  Prior  to  infusion,  the  vial(s)  to  be  used  was  (were) 
brought  to  room  temperature  and  administered  at  25°C. 

Mongrel  dogs  were  used  from  a  commercial  source.  The  experimental 
procedure  was  approved  by  the  institutional  Animal  Care  Committee;  in  all  respect, 
the  animals  were  treated  according  to  The  Guide  to  the  Care  and  Use  of 
Experimental  Animals  vols.  I  and  II  (Canadian  Council  on  Animal  Care,  Ottawa, 
Ont.). 

The  dogs  were  anesthetized  by  an  intravenous  injection  of  barbiturate 
(Somnotol  24  mg/Kg),  were  intubated  and  ventilated  to  maintain  arterial  blood  pOj, 
pCOj  and  pH  within  physiological  limits.  Stable  anesthesia  was  maintained  using 
0. 7-1.0%  Penthrane  in  50%  :  50%  Np.  A  femoral  artery  and  femoral  vein  and 

both  external  jugular  veins  were  catheterized.  The  right  jugular  vein  was  used  to 
insert  a  Swan  Ganz  catheter  and  the  left  one  was  used  for  hydration  and  drug 
injections  as  required.  The  femoral  artery  was  used  for  the  direct  recording  of  the 
arterial  blood  pressure  and  withdrawal  of  the  arterial  blood  samples  for 
microsphere-determined  blood  flow  estimations.  The  left  chest  (fourth  intercostal 
space)  and  the  pericardium  were  opened.  A  catheter  was  inserted  in  the  left 
atrium  through  one  of  the  small  pulmonary  veins,  for  direct  pressure 
measurements  and  the  injection  of  microspheres.  Blood  pressure  readings 
through  the  Swan  Ganz  catheter  were  made  periodically.  Cardiac  output  was 
determined  in  triplicate  by  the  injection  of  5  ml  of  ice-cold  5%  glucose-in-water 
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solution,  by  the  thermodilution  method.  Blood  temperature  in  the  pulmonary  artery 
was  continuously  monitored  using  the  Swan  Ganz  thermistor.  Lead  11  ECG  was 
continuously  recorded. 

When  the  experimental  preparation  was  completed,  a  15-minute  rest  period 
was  allowed  to  attain  a  stable  cardiovascular  state.  E  or  V  was  infused 
intravenously  in  a  dose  of  3  ml/Kg  over  a  30-minute  period.  Pressures  and 
cardiac  output  were  determined  in  the  pre-infusion  control  stage,  at  the  mid-point 
and  at  the  end  of  the  30-minute  infusion  and  30  and  60  minutes  post-infusion. 
Microspheres  were  injected  before,  at  the  mid-point  and  end  of  the  infusion,  and 
60  minutes  after  its  completion.  The  experiment  was  terminated  at  95  minutes  by 
the  intravenous  injection  of  KCI-Euthanyl  mixture.  Triplicate  tissue  samples  were 
taken  from  each  chamber  of  the  heart,  from  the  lung,  liver,  spleen,  pancreas, 
segments  of  the  gastrointestinal  tract,  the  thyroid  and  adrenal  glands,  brain  and 
spinal  cord  and  muscle  and  skin  from  various  sites.  The  samples  were  weighed 
and  the  radioactivity  attributable  to  each  nuclide  was  determined,  at  appropriate 
window  settings,  on  an  LKB  Compu-Gamma  gamma  spectrometer.  Automatic 
corrections  were  made  for  spillover  and  for  decay  due  to  elapsed  time.  From  the 
tissue  specific  activity,  blood  flow  was  determined  by  the  method  of  Bartrum  et  al. 
[4]. 


RESULTS 

Four  dogs  were  infused  with  perflubron  emulsion  and  five  dogs  were 
infused  with  the  vehicle.  No  reactions  occurred  in  the  four  dogs  receiving  the 
perflubron  emulsion.  One  of  the  five  dogs  receiving  vehicle  exhibited  a  reaction 
characterized  by  progressive  decline  of  the  blood  pressure,  and  after  the  end  of 
the  infusion  gross  urticaria  was  present.  This  experiment  was  excluded  from  the 
summary  data.  Repeated  measures  ANOVA  and  Student's  t-test  were  used  to 
assess  statistical  significance,  recognizing  that  both  tests  applied  to  small  samples 
have  limited  validity. 

In  hemodynamic  terms  (Fig.  1),  while  the  heart  rate  remained  constant, 
stroke  volume  rose  in  both  emulsion-  and  vehicle-infused  dogs.  The  systemic 
arterial  blood  pressure  tended  to  decline  in  the  former  group  (from  150±8  to 
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FIGURE  1:  Graphic  summary  of  the  hemodynamic  variables  measured  in  the 
group  of  dogs  infused  \A^ith  perflubron  emulsion  (OXYGENT®;  closed  symbols)  and 
with  vehicle  (open  symbols). 
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136±14  mmHg  systolic),  whereas  it  remained  essentially  constant  in  the  vehicle- 
infused  group.  Pulmonary  arterial  mean  pressure  rose  from  8.3±0.8,  to  9.8±0.5 
mmHg  in  the  perflubron  treated  dogs  and  from  10.8±1.5  to  11.0±0.9  mmHg  in  the 
vehicle-infused  group;  two  dogs  in  the  former  and  one  in  the  latter  group  showed 
an  increase  exceeding  2  mmHg.  None  of  these  changes  were  of  a  statistically 
significant  magnitude.  The  right  and  left  heart  filling  pressures  remained  constant. 
Blood  temperature  remained  constant. 

In  our  hands,  the  reproducibility  of  microsphere-determined  blood  flow  is 
±  12%;  thus,  changes  in  magnitude  smaller  than  this  value  are  not  considered 
physiologically  significant. 

Perflubron  emulsion  induced  significant  blood  flow  elevations  in  the  left  and 
right  ventricle  (Fig.  2),  while  in  the  vehicle-infused  dogs  myocardial  blood  flow 
remained  essentially  stable.  Bronchial  arterial  blood  flow  remained  constant  in 
both  groups.  No  statistically  significant  blood  flow  change  was  noted  in  either 
group  in  the  stomach,  duodenum,  small  or  large  intestine  (Fig.  3),  or  in  the  thyroid 
and  adrenal  glands  (not  shown).  Blood  flow  to  the  renal  cortex  (Fig.  4),  although 
numerically  elevated  in  both  groups,  was  elevated  to  a  statistically  significant 
extent  in  the  E-treated  group  only  because  of  greater  variability  in  the  control 
period  in  the  V-treated  dogs.  Renal  medullary  blood  flow  remained  essentially 
stable  (Fig.  4).  Hepatic  arterial  blood  flow  (Fig.  3)  was  transiently  (at  15  minutes 
of  the  infusion)  but  not  significantly  reduced  In  the  perflubron-treated  group  and 
returned  to  the  "normal"  range  after  the  infusion;  in  the  vehicle-infused  group,  no 
change  was  observed.  Splenic  blood  flow  (Fig.  3)  tended  to  increase  in  both 
groups  with  time,  while  pancreatic  blood  flow  remained  essentially  constant; 
neither  of  these  changes  reached  a  statistically  significant  magnitude.  Samples 
taken  from  a  variety  of  muscles  showed  essentially  unchanged  flow  with  a  very 
modest  trend  to  increase  in  both  groups.  Skin  samples  showed  a  wide  variability 
and  no  consistent  or  significant  change  in  either  group.  Brain  and  spinal  cord 
showed  no  significant  change  in  blood  flow  in  either  group. 

In  the  one  dog  exhibiting  a  reaction,  the  skin  samples  alone  showed  a 
several-fold  rise  in  blood  flow,  apparently  peaking  at  30  minutes  of  the  infusion. 
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FIGURE  2:  Graphic  summary  of  the  blood  flow  measurements  In  the  heart  (top 
panel)  and  in  skeletal  muscle  (bottom  panel)  in  the  two  groups  of  dogs. 


DISCUSSION 

This  study  used  a  small  sample  size  and  its  conclusions  must  be  viewed 
in  this  light.  The  two  groups  showed  a  remarkable  absence  of  dramatic  and 
significant  hemodynamic  and  blood  flow  changes  following  infusion  of  perflubron 
emulsion  or  its  vehicle.  Qualitative  differences  in  the  responses  between  the  two 
groups  were  relatively  minor.  Augmented  myocardial  blood  flow  has  been 
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repeatedly  observed  during  and  after  the  Infusion  of  various  fluorocarbon 
preparations  [2].  The  other  organs  failed  to  show  a  quantitatively  similar  degree 
of  flow-  and  resistance-change  and,  for  this  reason,  it  is  difficult  to  ascribe  this 
change  to  rheological  (i.e.  physical)  factors.  This  conclusion  is  also  supported  by 
the  fact  that  the  changes  were  numerically  greater  in  the  perflubron-treated  than 
in  the  vehicle-treated  groups,  even  though  the  two  groups  had  similar  declines  in 
hematocrit  and,  presumably,  in  hemorheological  properties.  On  the  other  hand, 
closely  comparable  changes  in  stroke  volume,  exhibiting  a  similar  time  course, 
suggest  the  operation  of  a  hemorheological  explanation  of  altered  impedance  to 
ejection.  The  significance  of  the  modest  increments  in  renal  cortical  blood  flow, 
in  magnitude  comparable  between  the  two  groups,  is  unclear  at  this  time;  it  may 
also  have  a  hemorheological  basis.  It  is,  also,  noteworthy  that  the  presence  of 
perflubron  enhanced  ultrasonographic  images  in  the  kidney  [5,6],  possibly  by  virtue 
of  its  concentration  in  blood  within  the  renal  circulation. 

As  noted  above,  the  only  other  change  appeared  to  be  the  transient  fall  in 
hepatic  arterial  flow.  One  of  the  possible  concerns  expressed  in  relation  to  the  use 
of  PFC's  was  the  fact  that  the  uptake  of  PFC  particles  into  the  reticuloendothelial 
system  cells  might  distort  the  normal  architecture  and  thereby  impair  blood  flow  In 
the  hepatic  sinusoids.  The  fact  that  only  a  transient  (and  statistically  not 
significant)  flow  change  was  observed,  with  normal  flow  being  restored  rapidly, 
suggests  that  in  the  short  time-frame  of  this  experiment,  this  concern  was  not 
substantiated.  It  must  be  noted,  however,  that  the  uptake  of  PFC  during  the  very 
short  period  of  observation  in  this  experiment  would  only  be  minimal.  A  much 
longer  period  of  observation,  supplemented  by  morphological  examination  and  the 
quantitative  estimation  of  hepatic  tissue  PFC-content,  Is  required  to  assess  fully 
the  validity  of  the  above  concern.  The  significantly  shorter  in  vivo  half-life  of 
perflubron  (4  days)  than  that  of  the  constituents  of  Fluosol-DA  (7  and  65  days) 
would  indicate  that  whatever  physical  effects  may  be  exerted  upon  hepatic 
hemodynamics,  they  would  likely  be  short-lived. 

The  present  study  used  a  dose  that  is  significantly  smaller  than  that  given 
in  numerous  previous  experiments  using  large  volumes  of  Fluosol-DA  wherein  the 
effects  following  a  partial  exchange  transfusion  were  assessed  [2].  The  latter 
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demonstrated  more  and  larger  changes  in  blood  flow  distribution,  resulting  from  a 
larger  dose,  far  greater  hemodilution  and  presumably  greater  hemorheological 
change.  Hence,  comparisons  are  not  appropriate.  Previous  studies  using  a 
similar  (though  not  identically  prepared)  emulsion  administered  to  dogs  [7]  showed 
only  minor  hemodynamic  effects  manifested  by  a  modest  blood  pressure-fall.  In 
pigs,  the  effects  were  somewhat  more  pronounced  [8]. 

The  one  reaction  observed  does  not  permit  any  conclusions  regarding 
mechanisms  or  the  likelihood  that  it  was  related  to  vehicle-vs-active  ingredient 
differences.  While  reactions  do  occur  to  microspheres,  the  rapid  and  usually 
reversible  hypotensive  episodes  tend  to  be  numerically  more  frequent  than  the 
progressive  hemoconcentration,  urticaria  and  irreversible  hypotension  observed  in 
this  experiment  [91.  Both  dextran  and  Tween  are  present  in  microsphere 
suspensions  and  have  been  implicated  in  reactions  [9,10];  while  the  reactions  are 
more  frequently  documented  in  rats,  they  also  occur  in  dogs  [8],  The  reaction  was 
similar  to  that  observed  in  dogs  infused  with  homologous  plasma  and  is  clearly  of 
an  "allergic"  nature,  but  its  progressive  nature  precludes  the  identification  of  its 
causative  agent. 

In  conclusion,  these  experiments  have  demonstrated  that  infusions  of  a 
90%  w/v  perflubron  emulsion,  in  a  dose  of  3  ml/Kg  over  a  30-minute  period,  has 
only  mild  hemodynamic  effects  characterized  by  a  very  modest  drop  in  blood 
pressure  «10%),  and  increases  in  myocardial  and  in  renal  cortical  blood  flows. 
Apart  from  these  positive  findings,  we  found  no  other  significant  changes. 
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This  study  examines  the  changes  in  tumor  p02  distribution  assessed  by 
polarography  (KIMOC  6650,  Eppendorf)  in  1)  two  human  tumor  xenografts  after 
carbogen  inhalation  with  or  without  a  perflubron  (perfluorooctylbromide)  emulsion 
(Oxygent'^^,  Alliance  Pharmaceutical  corp.)  and  in  2)  human  head  and  neck 
carcinomas  after  carbogen  inhalation.  Mice  bearing  HRT18  or  NA11+  tumors  were 
restrained  and  their  body  temperature  was  kept  constant.  Perflubron  emulsion 
(4  ml/kg)  was  injected  i.v.  in  the  mice.  In  patients,  oxygenation  of  the  head  and 
neck  metastatic  lymph  nodes  was  assessed  before  and/or  during  carbogen 
exposure.  The  distribution  of  p02  values  shifted  upwards  during  carbogen 
exposure  in  both  animals  and  patients  while  the  proportion  of  low  p02  values 
decreased.  The  maximal  effect  was  obtained  with  patients  after  1  to  6  minutes  of 
carbogen  exposure,  but  4  patients  still  maintained  veiy  low  p02s.  Carbogen  plus  4 
ml/kg  perflubron  emulsion  was  more  efficient  than  carbogen  alone  for  increasing 
hypoxic  tumor  p02  in  animals.  If  the  animals  data  could  be  extrapolated  to  humans, 
then  the  effect  of  carbogen  on  tumor  oxygenation  should  be  increased  by 
perflubron  emulsion  administration. 
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INTRODUCTION 

There  is  good  evidence  that  hypoxia  plays  a  major  role  in  tumor 
radiosensitivity.  There  is  no  doubt  that  murine  and  xenografted  tumors  often 
contain  hypoxic  cells  [1].  In  man,  direct  and  indirect  studies  show  that  tumor 
oxygenation  is  lower  than  normal  tissue  oxygenation,  and  may  include  very  low 
p02  values  (<10  mmHg)  [2]. 

The  effect  of  breathing  carbogen  (95%  02-5%  CO2)  upon  tumor 
oxygenation  have  been  widely  studied  in  animals.  Tumor  radiosensitivity  is 
enhanced,  but,  this  enhancement  depends  on  the  pre-irradiation  breathing  time  [3]. 
90%  w/v  perflubron  emulsion  (perfluorooctyl  bromide,  Oxygent™,  Alliance)  [4- 
6]  is  one  of  the  best  candidates  for  further  increasing  tumor  oxygenation  in  cancer 
radiotherapy  [7,8]. 

New  polarograph  equipment  (KIMOC  6650  Eppendorf,  Germany)  can  be 
used  to  measure  p02  in  human  tumors  reproducibly  and  safely.  Its  use  in  the  clinic 
can  give  the  oxygenation  status  of  the  tumors  in  human,  and  also  predict  the  likely 
effect  of  carbogen  and  perflubron  emulsion  on  the  tumor  p02  distribution;  of 
special  interest  is  the  search  for  disappearance  of  low  p02  values. 

This  work  first  examines  the  changes  in  tumor  p02  distribution  in  two  human 
tumor  xenografts  after  carbogen  inhalation  with  and  without  a  perflubron  emulsion. 
We  have  also  monitored  the  changes  in  p02  distribution  in  human  head  and  neck 
tumors  after  carbogen  inhalation. 

MATERIALS  AND  METHODS 

Xenografts.  Two  human  tumor  cell  lines,  a  melanoma  Nall-f  and  a  rectal 
adenocarcinoma  HRT18  were  used;  3.106  cells  were  injected  subcutaneously  into 
the  flank  of  3-5  month  old  athymic  mice  that  had  been  irradiated  3  to  5  days  before 
with  5  Gy.  The  experiments  were  performed  when  the  diameters  of  the  tumors 
were  7-9  mm,  4-5  weeks  (Nall+)  and  7-8  weeks  (HRT18)  after  injection  of  the 
cells. 

Tumors  in  patients.  20  patients  suffering  from  untreated  primary 
squamous  carcinoma  of  the  head  and  neck  were  studied.  All  p02  measurements 
were  performed  in  a  metastatic  lymph  node.  Informed  consent  was  obtained  before 
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measurement  and  this  study  was  approved  by  the  local  committee  for  protection  of 
individuals  in  biomedical  research  (CCPPRB). 

Polarography.  The  p02  tension  was  measured  using  a  computerized 
polarographic  system  (KIMOC  6650),  as  previously  described  [9].  Briefly,  a  12 
|im  diameter  cathode  mounted  in  an  unbreakable  stainless  steel  needle  probe  (300 
[im)  was  placed  in  the  tumor  while  the  Ag/Ag  Cl  anode  was  placed  on  the  skin  in 
the  vicinity  of  the  tumor.  The  probe  was  moved  automatically  through  the  tissue  in 
programmed  steps.  The  device  was  also  used  in  a  static  position  in  a  few  patients  to 
determine  the  time  required  for  the  maximal  effect  of  carbogen  breathing. 

Carbogen  and  perflubron  emulsion. 

Animals.  Carbogen  was  given  for  10  minutes  at  a  flow  rate  of  9 1/minute.  The  mice 
were  unanesthetized  and  restrained.  The  body  temperature  was  maintained  at  35° C 
+  1°C  with  warm  pads.  The  90%  w/v  perflubron  emulsion  (4  ml/kg)  was  injected 
via  the  retroorbital  sinus. 

Patients.  Patients  breathed  carbogen  (15  1/min)  via  a  rubber  mouth  -  piece 
connected  to  a  plastic  two-way  valve  and  they  wore  nose  clip. 

RESULTS 


Animals 

The  carbogen  and  the  perflubron  emulsion  -  carbogen  combination  shifted 
the  p02  distribution  to  higher  values:  the  median  was  higher  than  in  the  control 
(Fig.  1).  The  shift  was  greater  with  perflubron  emulsion-plus-carbogen  than  with 
carbogen  alone.  With  carbogen,  the  proportion  of  very  low  hypoxic  p02  values  (2 
mmHg)  decreased  only  in  HRT18  cell  line.  Similar  results  were  obtained  for  values 
below  10  mmHg  (Fig.l).  With  perflubron  emulsion-plus-carbogen,  no  hypoxic 
p02  values  below  2  mmHg  were  found  in  HRT18  and  the  proportion  of  p02  values 
below  10  mmHg  decreased  in  both  cell  lines  (Fig.l). 

Patients 

Most  of  the  head  and  neck  cancer  patients  had  a  higher  proportion  of  low 
hypoxic  tumor  p02  readings  before  carbogen  breathing  (Table  1)  with  18  out  of  20 
patients  having  p02’s  below  10  mmHg.  During  carbogen  breathing,  most  of  the 
patients  had  fewer  low  values  and  the  median  p02  was  increased.  However,  the 
distribution  was  almost  unchanged  in  3  patients  (n°  9,  12  and  19).  The  p02 
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FIGURE  1.  Percentage  of  p02  values  below  10  mmHg  (right)  and  median  of 
p02  values  (left)  obtained  with  different  treatments:  control,  carbogen  (carbo), 
perflubron  4  ml  +  carbogen  (PF4  +  carbo). 


TABLE  L  p02  IN  TUMOR  TISSUES  BEFORE  CARBOGEN  BREATHING 
(BC)  AND  DURING  CARBOGEN  BREATHING  (DC) 


PATIENTS 

Percentage  of  readings 
<  2  mmHg  <  10  mmHg 

BC 

DC 

BC 

DC 

BC 

DC 

1 

2 

165 

56 

0 

73 

0 

2 

3 

205 

2 

0 

80 

13 

3 

16 

126 

40 

0 

50 

0 

4 

13 

105 

0 

0 

8 

0 

5 

43 

157 

0 

0 

0 

0 

6 

7 

271 

7 

0 

67 

0 

7 

10 

0 

47 

8 

4 

8 

74 

9 

9 

6 

0 

0 

80 

100 

10 

2 

76 

52 

3 

70 

7 

11 

17 

67 

33 

0 

39 

0 

12 

16 

17 

4 

7 

35 

32 

13 

6 

141 

21 

39 

65 

42 

14 

38 

3 

14 

15 

50 

16 

34 

16 

30 

0 

0 

17 

35 

21 

31 

18 

15 

2 

27 

19 

5 

3 

22 

22 

70 

71 

20 

2 

13 

66 

0 

89 

24 

30  to  1 13  measurements  for  each  value 
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distribution  was  studied  before  carbogen  and  after  the  end  of  carbogen  breathing  (3 
to  6  minutes  later)  in  2  patients  (n°  7  and  8);  there  was  little  increase  if  any  in  p02. 

The  time  course  of  the  effect  of  carbogen  breathing  was  studied  by  placing 
the  probe  statically  in  the  nodes  for  an  adaptation  phase..  After  equilibration,  the 
patient  began  to  start  carbogen  breathing  while  p02  was  recorded  continuously  to 
determine  the  elapsed  time  of  maximal  effect.  The  time  between  the  beginning  of 
gas  inhalation  and  the  start  of  the  p02  increase  varied  from  30  seconds  to  3  minutes 
in  15  cases,  in  one  patient  the  delay  was  5  minutes.  The  maximal  effect  was 
obtained  1  -  6  minutes  after  the  beginning  of  inhalation.  Fifteen  patients  showed  a 
plateau;  in  one  case  the  p02  slowly  decreased.The  low  p02  values  were  not 
improved  by  carbogen  breathing  in  2  patients. 

CONCLUSIONS 

Carbogen  is  often  an  efficient  way  to  increase  tumor  oxygenation  in  both 
animal  tumors  and  tumors  in  patients,  however,  it  is  not  infallible.  Maximal 
oxygenation  is  obtained  quickly  (1  to  6  minutes)  in  xenograft  tumors,  the 
combination  of  perflubron  4  mlAg  plus  carbogen  was  more  efficient  than  carbogen 
alone  to  increase  p02  values  resulting  in  less  hypoxic  tissues  with  the  Nal  1+  cell 
line  and  none  in  the  HRT18  cell  line.  Extrapolating  these  xenograft  tumor  results 
indicate  that  this  combination  (perflubron/carbogen)  should  provide  increase  tumor 
oxygenation  in  patients. 
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TUMOR  OXYGEN  TENSION:  MEASUREMENT  USING 
OXYGENT™  AS  A  NMR  PROBE  AT  4.7  T 

R.  P.  Mason  and  P.  P.  Antich, 
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UT-Southwestern  Medical  Center, 

Dallas,  TX  75235-9058. 

ABSTRACT 

We  have  used  Oxygent^M  (an  emulsion  of  perflubron  [PFOB])  to 
measure  p02  in  a  Dunning  prostatic  adenocarcinoma  non-invasively 
using  NMR  spectroscopy.  We  have  confirmed  a  linear  relationship 
between  the  spin-lattice  relaxation  rate  (Ri)  and  p02  and  we  have 
assessed  the  effect  of  temperature.  Ri  of  the  individual  resonances  of 
Oxygent  is  considerably  more  sensitive  to  changes  in  p02  than  other 
PFC  emulsions,  whilst  being  considerably  less  sensitive  to  interference 
from  temperature  variation.  Oxygent  has  two  well  resolved  resonances 
(A5  ~  18ppm)  and  these  were  both  exploited  to  estimate  tumor  p02= 

47+  5  torr. 

INTRODUCTION 

There  is  developing  interest  in  the  use  of  fluorinated  materials 
to  act  as  physiological  reporter  molecules  in  vivo  [1].  Perfluorocarbon 
emulsion  blood  substitutes  exhibit  intense  nuclear  magnetic 
resonance  (NMR)  signals,  which  are  sensitive  to  the  microenviron¬ 
mental  milieu.  Ever  since  it  was  shown  that  the  NMR  spin-  lattice 
relaxation  rates  (Ri)  of  the  ^^F  resonances  of  perfluorocarbon 

emulsions  are  sensitive  to  oxygen  tension,  there  have  been  attempts  to 
exploit  this  phenomenon  to  measure  p02  in  vivo  [1].  We  have 
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measured  dynamic  changes  in  p02  in  the  tumor  and  liver  of  live  mice 
[2,  3]  and  the  perfused  rat  heart  [4]  using  Oxypherol  (an  emulsion  of 
perfluorotributylamine)  and  we  have  previously  used  Oxygent  in  the 
mouse  liver  at  high  magnetic  field  (7  Tesla)[5].  Since  most 
investigations  of  larger  animals  and  patients  are  conducted  at  lower 
magnetic  field,  we  have  now  investigated  the  application  of  Oxygent  at 
4.7  T. 


MATERIALS  AND  METHODS 

Calibrations: The  relationship  (Ri  p02)  was  determined 
experimentally  for  Oxygent^M  (90%w/v  emulsion  perflubron 
[perfluorooctyl  bromide  (PFOB)],  Alliance  Pharmaceutical  Corp.,  San 
Diego  CA)  using  techniques  described  previously  [2].  Standard  gases  (0 
-100%  02,  where  100%  ~  760  torr)  were  bubbled  through  aliquots  of 

Oxygent  in  order  to  obtain  specific  oxygen  concentrations  and  the 
samples  were  placed  in  gas-tight  NMR  tubes.  NMR  experiments  were 
conducted  in  a  4.7  T  CSI  spectrometer  with  at  188.3  MHz.  Ri  was 
determined  using  pulse-burst  saturation  recovery  experiments  on  the 
downfield  resonances  (18  and  0  ppm)  and  on  the  upheld  resonances 
separately.  We  have  also  examined  the  variation  of  Ri  with 

temperature  in  the  range  27-37  ^C. 

In  vivo:  A  Dunning  prostate  adenocarcinoma  R3327-AT1  was 
implanted  in  a  pedicle  on  the  fore-back  of  a  Copenhagen  rat  [6].  When 
the  tumor  reached  about  1.5  cm  diameter  a  total  of  20  ml  Oxygent  was 
infused  IV  into  the  tail  of  the  rat  over  a  period  of  1  week.  Four  days 
after  the  final  dose,  following  complete  vascular  clearance  of  Oxygent, 
the  rat  was  anesthetized  (2:1::  N20:02  +  0.5%  methoxyflurane)  and  the 

tumor  observed  by  ^^p  NMR  spectroscopy  with  a  coil  around  the 
tumor.  The  rectal  temperature  was  measured  using  an  optical  fiber 
probe.  In  addition  the  tumor  was  imaged  by  and  ^^F  MRI  to 
determine  the  distribution  of  PFC  in  the  tumor. 

RESULTS 

The  nMR  spectrum  of  Oxygen t^M  shows  five  well  resolved 
signals  in  a  tumor  in  vivo  at  4.7  T  (Fig.  1).  A  linear  relationship 


TUMOR  OXYGEN  TENSION 


1363 


CF3  -CF2-CF2-CF2-CF2-CF2-CF2-CF2Br 

C  £  s  y  P 


‘i  Ti  t  j  I  I  i  i  I  I  I  I  I  j‘i  rr-q-T  i  1  1  |  1  1  f  1  j  i  i  1  1  j  i'tt  i'|  i  r 

20  10  0  -10  -20  *30  -40  -50 

ppm 


FIGURE  1  188.3  MFlz  l^F  NMR  spectrum  of  Oxygen t^M  in  the  tumor. 

Spectral  assignments  [7]. 


between  spin  lattice  relaxation  rate  and  oxygen  tension  (Ri  (s’^)  = 
m%p02  +  c)  was  determined  for  each  signal  at  37  (Table  I  and  Fig.  2). 
Rl  is  not  only  dependant  on  p02,  but  also  temperature  (Table  2  and  Fig. 
3). 

In  the  ATI  tumor  we  measured  Ri  (CF3)  =  0.40  s'^  and  Ri  (CF2Br) 

=  0.40  s"h  The  rectal  temperature  was  33  and  thus,  using  the 
calibration  curves  in  Table  II,  p02  was  estimated  as  6.9%  and  5.5  % 

respectively  or  ~  45  torr.  ^^F  MRI  indicated  that  Oxygent  was  distributed 
throughout  the  tumor,  with  highest  density  close  to  the  periphery. 

DISCUSSION 

We  have  demonstrated  the  application  of  Oxygent™  as  a  probe 
of  tumor  p02  using  nMR  spectroscopy  at  4.7  T.  The  NMR 

spectrum  shows  5  well  resolved  signals  in  vivo  and  each  exhibits  a 
linear  relationship  between  Ri  and  p02.  In  addition,  there  is  a  linear 
response  to  changes  in  temperature. 
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TABLE  I  The  relationship  Ri  =  f  (pOz)  at  37 

Resonance  Sensitivity 

Emulsion  Chemical  shift  Intercept  (c)  Slope  (m)  ri=(m/c) 


ppm 

S'l  S"V% 

OxygentT^^  (4.7  T) 

Rl  =  0.2893  +  1.52  x  10-2(%pO2) 

(CF2Br) 

18 

5.3 

(CF3) 

0 

Rl  =  0.2677  +  1.61  X  10-2(%pO2) 

6.0 

(P) 

-36 

Rl  =  0.2762  +  1.50  x  10-2(%pO2) 

5.4 

(yfS+e+Ti) 

-40 

Rl  =  0.3840  +  1.48  x  10-2(%pO2) 

3.9 

(Q 

-45 

Rl  =  0.2890  +  1.54  x  10-2(%pO2) 

5.3 

Oxygent™  (7  T) 

Rl  =  0.290  +  1.73  X  10-2(%pO2) 

6.0  [5] 

(CF3) 

0 

Oxypherol  (4.7  T) 

Rl=  0.779  +1.75xl0-2(%pO2) 

2.2  [8] 

(CF3) 

0 

FIGURE  2  The  variation  of  NMR  spin-lattice  relaxation  rate  (Ri) 
with  p02  for  Oxygent  at  37  and  4.7  T.  •  CF3  (0  ppm) 
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Table  II  The  influence  of  temperature  on  the  relationship  Ri  =  f(p02) 


for  Oxygent  at  4.7  T 

Resonance  Intercept  (c)  Slope  (m) 

Temperature 

S"I  S'V% 

oC 

CF2Br 

Rl  =  0.3374  +  1.71  X  10-2(%pO2) 

27 

CF2Br 

Rl  =  0.3152  +  1.54  X  10-2(%pO2) 

33 

CF2Br 

Rl  =  0.2893  +  1.52  x  10-2(%pO2) 

36.6 

CF3 

Rl  =  0.3018  +  1.836  x  10-2(%pO2) 

27 

CF3 

Rl  =  0.2772  +  1.797  xl0-2(%pO2) 

33 

CF3 

Rl  =  0.2677  +  1.613  x  10-2(%pO2) 

36.6 

FIGURE  3  The  variation  of  Ri  with  temperature  in  the  absence  of 
oxygen  (pO2=0%)  for  Oxygent  at  4.7  T:  •  CF3  Ri=  0.444-4.97x1 0'^ 
(oQ  and  □  CF2Br  Ri =0.432-4.1 0x1 0-3(oC). 


Using  a  sensitivity  index  (ri=slope/ intercept)  [9]  it  is  clear  that  the 
resonances  at  18ppm  (CF2Br)  and  0  ppm  (CF3)  are  the  most  sensitive  to 
changes  in  p02.  It  is  interesting  to  note  that  there  is  very  little 
difference  between  the  calibration  curves  at  4.7  T  and  those  previously 
reported  at  7  T  ([5]  &  Table  I).  However,  we  do  note  that  application  of 
the  7  T  curves  to  the  current  data  would  produce  an  error  ~  15  torr, 
which  is  radiobiologically  significant.  The  sensitivity  to  p02  of  each  of 
the  Oxygent  signals  is  considerably  greater  than  that  of  most  sensitive 
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signal  of  Oxypherol  (Table  I).  At  the  same  time  Oxygent  is  far  less 
sensitive  to  changes  in  temperature,  so  that  small  errors  in 
temperature  measurement  produce  less  error  in  pO?  estimation,  viz,  a 

2  oC  error  in  temperature  estimation  gives  an  error  of  0.6%  (5  torr)  for 
Oxygent,  whereas  an  error  of  ~  15  torr  is  typical  for  Oxypherol  [8].  The 
large  separation  of  the  CFs  and  CF2Br  resonances  ensures  the  signals 
are  resolved  even  at  lower  magnetic  field  and  permits  individual  Ri 
estimates  to  be  obtained.  This  provides  independent  estimates  of  p02 
enhancing  the  confidence  in  the  result.  The  wide  separation  of  the 
resonances  also  facilitates  chemical  shift  selective  imaging  avoiding 
chemical  shift  artifacts. 

In  conclusion,  Oxygent  offers  several  advantages  as  an  NMR 
probe  of  tissue  oxygen  tension:  high  sensitivity  to  p02;  relative 

insensitivity  to  temperature  and  well  resolved  signals.  We  have  now 
successfully  used  Oxygent  to  measured  p02  in  the  liver  [5],  heart  [7]  and 
tumor.  Given  the  preliminary  use  of  perflubron  in  clinical  trials  [10]  we 
envisage  application  to  monitor  oxygen  tension  in  patients  in  the  near 
future. 
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OXYGENATION  OF  HUMAN  TUMOR  XENOGRAFTS  IN  NUDE 
MICE  BY  A  PERFLUOROCHEMICAL  EMULSION  AND 
CARBOGEN  BREATHING 

B.  A.  Teicher,  G.  N.  Schwartz,  N.  P.  Dupuis,  T.  Kusomoto,  M.  Liu, 

F.  Liu  and  D.  Northey 
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ABSTRACT 

Human  solid  tumors  (prostate  carcinomas  PC-3  and  DU- 145, 
breast  carcinoma  MX-1,  cervical  carcinoma  ME- 180,  small  cell 
lung  carcinoma  SW2,  and  glioblastoma  T98G)  were  grown  as 
xenografts  in  nude  mice.  Using  the  Eppendorf  p02  histograph 
microelectrode  system,  the  oxygen  profiles  of  the  tumors  were 
determined  while  the  animals  breathed  air  or  carbogen  (95% 
02/5%  CO2),  and  after  administration  of  the  perfluorochemical 
emulsion  Oxygent-CA  (8  ml/kg)  under  air  breathing  and  carbogen 
breathing  conditions.  Under  normal  air  breathing  with  or  without 
Oxygent-CA  administration  the  mean  oxygen  tensions  were 
between  4.9  and  9.3  mmHg  and  each  tumor  had  severely  hypoxic 
regions  where  the  p02  was  less  than  5  mmHg.  The  severely 
hypoxic  regions  comprised  41-71%  of  the  oxygen  tension 
measurements  under  normal  air  breathing  conditions.  Carbogen 
breathing  alone  increased  the  mean  oxygen  tensions  to  10.9-23.9 
mmHg.  Administration  of  Oxygent-CA  and  carbogen  breathing 
increased  the  mean  oxygen  tensions  over  the  levels  of  carbogen 
breathing  alone  to  varying  degrees.  The  highest  mean  oxygen 
tensions  were  40.8  mmHg  in  the  T98G  glioblastoma  and  24.5 
mmHg  in  the  ME- 180  cervical  carcinoma.  Investigation  of  the  use 
of  Oxygent-CA/carbogen  to  increase  the  oxygenation  of  clinical 
tumors  is  warranted. 
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INTRODUCTION 

Hypoxic  cells  in  solid  tumors  are  presumed  to  be  an  obstacle 
to  successful  cancer  treatment  because  these  cells  are  relatively 
protected  from  the  cytotoxic  effects  of  radiotherapy  and  certain 
anticancer  drugs  [1-4]  The  importance  of  hypoxic  cells  in  limiting 
the  curability  of  human  tumors  remains  a  controversial  issue, 
although  some  clinical  [5,  6]  and  laboratory  data  [6-9]  strongly 
suggest  that  hypoxic  cells  are  a  cause  of  in  vivo  treatment  failure. 
With  the  greater  availability  of  stable  02-microelectrode  systems 
suitable  for  use  in  the  clinic,  data  supporting  the  notion  that 
therapeutically  significant  hypoxia  frequently  exists  in  human 
tumors  is  rapidly  accumulating  [10-15]. 

One  potential  method  for  improving  tumor  oxygenation  may 
be  administration  of  a  perfluorochemical  emulsion  and  breathing  a 
high  oxygen  content  atmosphere.  We  have  determined  the  oxygen 
tension  profiles  for  six  human  solid  tumors  grown  as  xenografts  in 
nude  mice  in  the  presence  and  absence  of  Oxygent-CA/carbogen 
breathing. 


MATERIALS  AND  METHODS 

Materials.  Oxygent™CA  is  a  highly  concentrated  (47%  v/v,  90% 
w/v)  perflubron  emulsion  and  was  supplied  by  Alliance 
Pharmaceutical  Corp.,  San  Diego,  CA.  The  particle  size  of  the 
emulsion  is  0.2  pm.  The  circulating  half-life  of  this  emulsion,  at 
the  dosage  tested,  is  3-6  hrs.  (Peter  Keipert,  personal 
communication)  and  the  dwell  time  of  perflubron  in  tissues  is 
about  7  days  [16].  Carbogen  is  95%  oxygen/5%  carbon  dioxide. 

Tumors.  DU- 145  prostate  carcinoma  was  isolated  from  a  lesion  in 
the  brain  of  a  patient  with  widespread  metastatic  prostate 
carcinoma.  The  DU- 145  tumor  is  not  hormone  sensitive  and  was 
obtained  from  the  ATCC. 

PC-3  prostate  adenocarcinoma  was  isolated  from  a  grade  IV 
tumor.  The  PC-3  exhibits  low  testosterone- 5-a  reductase  activity 
and  was  obtained  from  the  ATCC. 

ME- 180  cervical  carcinoma  was  isolated  from  an  omental 
metastases  from  a  rapidly  spreading  cervical  carcinoma.  The  ME- 
180  was  obtained  from  the  ATCC. 

T98G  glioblastoma  was  isolated  from  a  glioblastoma 
multiforma  tumor.  The  T98G  was  obtained  from  the  ATCC. 

MX-1  breast  carcinoma,  a  poorly  differentiated  mammary 
carcinoma  with  high  cellularity  and  no  evidence  of  gland  or  mucin 
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production,  was  a  gift  from  Dr.  A.  Ovejera  of  the  DCT  Tumor 
Repository,  National  Cancer  Institute. 

SW2  small  cell  lung  carcinoma  was  initiated  from  pleural  fluid 
obtained  from  a  patient  with  small  cell  carcinoma.  The  SW2 
tumor  obtained  as  a  gift  from  Dr.  S.  Bernal. 

Oxygen  measurements.  Tissue  oxygen  measurements  were  made 
using  a  p02-Histograph  (Eppendorf,  Inc.,  Hamburg,  Germany). 
The  polarographic  needle  microelectrode  was  calibrated  in  aqueous 
solutions  saturated  with  air  and  100%  nitrogen.  The  electrode  was 
used  to  make  tumor  measurements  if  there  was  less  than  1% 
variation  in  current  measurements  upon  repetition  of  the 
calibration  cycle.  For  tumor  p02  measurements  the  animal  was 
anesthetized  by  an  i.p.  injection  of  Ketaset  (35  mg/kg)  and  xylazine 
(25  mg/kg)  prepared  in  phosphate -buffered  0.9%  saline.  The 
animal  was  placed  on  a  heating  pad  and  covered  with  a  blanket  to 
maintain  body  temperature.  Core  temperature  was  monitored 
with  a  rectal  thermometer.  The  tumor  site  was  shaved  and  tumor 
diameters  measured  with  calipers.  A  small  patch  of  skin  about  2 
cm  from  tumor  was  shaved  and  a  small  incision  was  made 
allowing  the  reference  electrode  (Ag/AgCl-ECG)  to  be  inserted 
subcutaneously  and  secured.  The  tumor  was  exposed  by  removing 
about  0.5  cm2  of  skin  over  the  site  The  tumor  capsis  was  then 
perforated  with  a  20-gauge  needle.  The  p02  microelectrode  was 
positioned  in  the  perforation. 

The  p02  microelectrode  under  computer  control  enters  1  mm 
into  the  tissue  and  then  retracts  0.3  mm.  Probe  current  is  then 
measured  and  after  1.4  seconds  the  probe  moves  forward  again. 
The  total  length  of  the  measurement  path  is  determined  by  the  size 
of  the  tumor.  After  the  probe  reaches  the  end  of  its  measurement 
path  it  automatically  retracts.  The  probe  was  then  repositioned  in 
the  same  perforation  at  a  different  angle  and  stepwise 
measurements  again  initiated.  Three  diameters  were  measured  in 
each  tumor  for  a  total  of  40-60  measurements  per  condition. 

Tumor  p02  measurements  were  made  under  four  conditions: 
(1)  normal  air  breathing,  (2)  carbogen  (95%  02/5%  CO2)  breathing, 
(3)  10  minutes  post  intravenous  perflubron  emulsion  (8  ml /kg) 
administration  with  normal  air  breathing  and  (4)  15  minutes  post 
the  initiation  of  carbogen  breathing  after  intravenous  perflubron 
emulsion  (8  ml/kg)  administration. 

Each  tumor-bearing  mouse  underwent  tumor  p02 
measurements  under  two  experimental  conditions,  therefore  each 
tumor  was  probed  two  times  through  three  diameters.  Data 
collection  through  three  tumor  diameters  accrued  about  50  p02 
measurements  and  took  about  10  minutes.  The  p02 
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microelectrode  was  recalibrated  in  aqueous  solutions  saturated 
with  air  and  100%  nitrogen  after  each  data  collection,  therefore  the 
p02  microelectrode  was  recalibrated  4  times  during  the  course  of 
the  experiment.  Recalibration  requires  about  15  minutes.  Overall, 
the  duration  required  for  tumor  p02  measurements  under  the  four 
conditions  tested  was  about  one  hour  and  40  minutes. 

RESULTS 

Under  normal  air  breathing  conditions  each  of  the  six  human 
tumors  contained  substantial  regions  of  severe  hypoxia  defined  as 
regions  in  which  the  p02  was  <5  mmHg  (TABLE  1).  The  percent  of 
oxygen  measurements  that  were  <5  mmHg  ranged  from  48%  in  the 
PC-3  prostate  carcinoma  to  70%  in  the  DU- 145  prostate 
carcinoma.  Carbogen  breathing  impacted  very  little  on  the 
severely  hypoxic  regions  of  these  tumors  but  did  increase  the 
p02's  of  the  better  oxygenated  portions  of  the  tumors  as  evidenced 
by  the  increased  mean/median  and  90th  percentiles  p02  values. 

Administration  of  the  perflubron  emulsion  (Oxygent-CA)  at  a 
dose  of  8  ml/kg  under  air  breathing  conditions  did  not  alter  the 
oxygenation  of  the  tumors  from  that  observed  in  the  absence  of  the 
emulsion.  When  carbogen  breathing  was  added  to  treatment  with 
the  perflubron  emulsion  there  was  a  decrease  in  the  percentage  of 
tumor  regions  which  were  severely  hypoxic.  The  greatest 
decreases  in  severe  hypoxia  occurred  in  the  ME- 180  cervical 
carcinoma  (59%  to  38%)  and  SW2  small  cell  lung  carcinoma  (64% 
to  45%).  The  perflubron  emulsion  and  carbogen  breathing  also 
increased  the  oxygenation  of  the  better  oxygenated  regions  of  the 
tumor  to  a  level  equal  to  or  greater  than  levels  seen  with  carbogen 
breathing. 


DISCUSSION 

The  oxygen- carrying  perfluorochemical  emulsions  have  been 
shown  to  be  effective  in  enhancing  the  effects  of  radiation  therapy 
and  chemotherapy  in  a  wide  variety  of  solid  animal  tumors  [3,  17, 
18].  The  belief  has  been  that  the  perfluorochemical 
emulsions/carbogen  breathing  act  primarily  by  reducing  hypoxia 
in  the  tumor.  In  solid  tumor  model  systems  hypoxic  cells;  have 
been  shown  to  limit  the  response  of  neoplasms  to  treatment  with 
ionizing  radiation  as  well  as  to  many  chemotherapeutic  agents  [8, 
9);  however,  it  has  yet  to  be  proven  the  hypoxia  limits  the  response 
of  clinical  tumors  [19].  Regions  of  hypoxia  which  could  be 
considered  therapeutically  significant  (5  mmHg  or  less)  comprised 
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TABLE  1 .  Oxygenation  Parameters  Under  Several  Conditions  for 


the  Six  Human  Tumors  Grown  as  Xenografts^ 


Measurement 

condition 

Mean/Median 

P02, 

mmHg 

%of 
readings 
<5  mmHg 

p02,  mmHg 
percentiles 
10th  90th 

MX-1  CARCINOMA 

air 

9. 7/4.7 

50 

0.0 

26.3 

carbogen 

14.7/4.7 

50 

0.2 

39.1 

Oxygent-CA  (8 

ml/kg); 

air 

5.9/2.3 

65 

0.0 

17.0 

carbogen 

21.5/6.7 

44 

0.0 

33.5 

PC-3  PROSTATE  CARCINOMA 

air 

9.3/6.4 

48 

0.0 

21.3 

carbogen 

19.1/10.1 

50 

0.3 

51.9 

Oxygent-CA  (8 

ml/kg): 

air 

6.9/5.7 

41 

0.0 

16.9 

carbogen 

24.3/8.6 

40 

0.7 

39.6 

T98G  GLIOBLASTOMA 

air 

8.5/3.2 

60 

0.0 

26.3 

carbogen 

12.4/3.3 

58 

0.0 

35.5 

Oxygent-CA  (8 

ml/kg): 

air 

8.5/2.3 

64 

0.3 

24.8 

carbogen 

40.8/7.5 

43 

0.6 

68.5 

SW2  SMALL  CELL  LUNG  CARCINOMA 

air 

5.4/3.0 

64 

0.0 

13.3 

carbogen 

10.9/3.8 

63 

0.5 

25.9 

Oxygent-CA  (8 

ml/kg): 

air 

5.2/2.8 

56 

0,3 

5.6 

carbogen 

10.8/6.2 

45 

0.4 

26.6 

DU- 145  PROSTATE  CARCINOMA 

air 

4.9/3.0 

70 

0.0 

14.9 

carbogen 

13.2/4.8 

69 

0.0 

40.1 

Oxygent-CA  (8 

ml/kg): 

air 

7.2/2.7 

60 

0.0 

21.1 

carbogen 

21.9/4.9 

58 

0.0 

53.0 

ME-180  CERVICAL  CARCINOMA 

air 

6.2/3.6 

59 

0.0 

14.9 

carbogen 

23.9/8.7 

50 

0.6 

58.6 

Oxygent-CA  (8 

ml/kg); 

air 

10.6/5.4 

42 

0.0 

24.2 

carbogen 

24.5/10.4 

38 

0.6 

59.6 

^These  data 

represent  400-600  measured 

p02  values  per 

condition  therefore  10  tumors  were  probed  under  each 
measurement  condition. 
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a  substantial  portion  of  all  six  tumors  in  this  study.  The  mixed 
character  of  the  tumors  that  is  human  malignant  cells  and  murine 
vasculature  may  contribute  to  the  degree  of  hypoxia  in  these 
tumors  Clinical  study  of  the  effect  of  perfluorochemical 
emulsions/carbogen  or  oxygen  breathing  is  warranted. 
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Hospital  of  Buffalo,  219  Bryant  Street,  Buffalo,  New  York  14222 


ABSTRACT: 

Perf luorocarbon-associated  gas  exchange  (PAGE)  has  been 
proposed  for  the  treatment  of  lung  diseases  characterized  by  high 
alveolar  surface  tension.  Perflubron  (perf luorooctyl  bromide, 
LiquiVent^*^,  Alliance  Pharmaceutical  Corp.)  is  a  high  purity 
medical  grade  perf luorocarbon  suitable  for  PAGE.  We  studied  PAGE 
using  perflubron  in  normal  piglets  and  in  animal  models  of  pulmo¬ 
nary  disease  (meconium  aspiration  syndrome,  oleic  acid  infusion 
and  gastric  acid  aspiration  as  models  of  ARDS,  and  neonatal  respi¬ 
ratory  distress  syndrome). 

All  animals  were  studied  under  anesthesia.  PAGE  was  insti¬ 
tuted  by  intratracheal  instillation  of  a  volume  of  perflubron 
(generally  30  ml/kg)  that  approximates  a  normal  functional  residu¬ 
al  capacity  of  the  lung.  Arterial  blood  gases  were  measured  at  15 
minute  intervals.  Fi02  during  PAGE  was  1.0. 

In  normal  piglets,  Pa02  fell  from  543  torr  (during  conven¬ 
tional  gas  breathing)  to  363  torr  (during  PAGE).  However,  in 
models  of  lung  disease,  PAGE  significantly  enhanced  Pa02. 
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INTRODUCTION: 

Tidal  liquid  breathing  has  been  shown  effective  in  several 
animal  models  of  lung  disease  characterized  by  abnormally  high 
surface  tension.  It  has  recently  been  shown  that  gas  ventilation 
of  the  perfluorocarbon-filled  lung  can  be  accomplished  in  normal 
animals  at  airway  pressures  that  are  comparable  to  those  during 
conventional  continuous  positive  pressure  breathing  (CPPB)[1]. 

This  mode  of  respiratory  support  is  called  perf luorocarbon-associ - 
ated  gas  exchange  (PAGE)  or  partial  liquid  ventilation  (PLV). 

The  studies  summarized  in  this  report  test  the  efficacy  of 
PAGE  using  perflubron  (LiquiVent^'^)  in  normal  piglets  and  in 
models  of  lung  disease:  meconium  aspiration  syndrome  (MAS),  oleic 
acid  (OA)  infusion  and  gastric  acid  (GA)  aspiration  models  of 
ARDS,  and  neonatal  respiratory  distress  syndrome  (RDS). 

METHODS: 

All  animals  were  instrumented  and  studied  under  anesthesia 
and  neuromuscular  blockade.  All  studies  were  performed  on  100% 
oxygen. 

Normal  group:  Six  piglets  (9  -  14  days  old,  weighing  2.26  -  4.74 
kg)  underwent  tracheostomy  and  volume  controlled  CPPB.  Tidal 
volume  was  15  ml/kg,  PEEP  was  4  cm  H2O,  inspiratory  time  was  25%, 
Fi02  was  1.0,  and  respiratory  rate  was  20  to  26  breaths  per 
minute.  Minute  ventilation  was  adjusted  to  achieve  a  PaC02  be¬ 
tween  35  and  45  torr.  Ventilator  settings  were  held  constant 
throughout  the  course  of  the  experiment.  Gas  breathing  was  fol¬ 
lowed  by  PAGE.  Pa02  during  CPPB  was  compared  to  Pa02  during  PAGE. 
MAS  group:  Sixteen  piglets  less  than  10  days  old  were  ventilated 
with  an  Fi02  of  1.0.  Mechanical  ventilation  was  adjusted  to 
obtain  a  control  PaC02  of  35  to  45  torr.  Four  ml/kg  of  a  33% 
slurry  of  human  meconium  was  instilled  into  the  trachea  of  each 
piglet.  Eight  piglets  continued  CPPB  and  eight  piglets  underwent 
PAGE.  Pa02  of  piglets  receiving  CPPB  was  compared  to  Pa02  of 
piglets  treated  with  PAGE. 

OA  group:  Eight  piglets  (2.66  ±0.19  kg)  were  ventilated  with 
volume  controlled  CPPB.  Tidal  volume  was  15  ml/kg,  PEEP  was  4  cm 
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H2O,  inspiratory  time  was  25%,  respiratory  rate  was  20  breaths  per 
minute,  and  Fi02  was  1.0.  Oleic  acid  was  infused  over  30  minutes 
to  induce  ARDS.  Four  piglets  were  treated  with  PAGE  and  four 
piglets  continued  CPPB.  Pa02  of  piglets  in  the  PAGE  group  was 
compared  to  Pa02  of  piglets  in  the  CPPB  group. 

GA  group:  Eleven  piglet  (2.2  -  4.1  kg)  were  ventilated  with 
volume  controlled  CPPB.  Tidal  volume  was  15  ml/kg,  PEEP  was  4  cm 
H2O,  inspiratory  time  was  25%,  and  Fi02  was  1.0.  Respiratory  rate 
was  between  20  and  26  breaths  per  minute  to  achieve  a  control 
PaC02  between  35  and  45  torr.  One  ml/kg  of  homogenized  gastric 
aspirate  (pH  =  1.0}  was  instilled  into  the  trachea  to  induce  ARDS. 
After  60  minutes,  PAGE  was  instituted  in  six  piglets  while  five 
piglets  continued  CPPB.  Ventilator  settings  were  held  constant  in 
both  groups.  Pa02  of  piglets  treated  with  PAGE  was  compared  to 
Pa02  of  piglets  continuing  CPPB. 

RDS  group:  Seven  surfactant  deficient  premature  lambs  were  deliv¬ 
ered  by  hysterotomy  at  a  gestational  age  of  125  to  128  days.  They 
were  ventilated  with  pressure  controlled  CPPB  with  an  Fi02  of  1.0. 
After  30  minutes  of  CPPB,  PAGE  was  instituted  and  continued  for  4 
hours.  Pa02  during  CPPB  was  compared  to  Pa02  during  PAGE. 
Statistics:  Significance  of  differences  were  evaluated  by  ANOVA. 
Where  appropriate,  post  hoc  tests  were  adjusted  for  multiple 
comparisons. 

RESULTS: 

In  normal  piglets,  Pa02  decreased  from  540  to  360  torr  on 
institution  of  PAGE,  illustrating  the  inefficiency  of  gas  exchange 
through  a  liquid  medium  in  the  normal  lung.  In  models  of  lung 
disease,  however,  introduction  of  perflubron  into  the  trachea 
recruited  lung  segments  not  readily  oxgyenated  by  conventional 
CPPB,  and  thereby  improved  oxygenation  (p<.05).  In  fact,  in 
models  of  neonatal  respiratory  distress  syndrome  and  ARDS  (oleic 
acid  infusion  and  gastric  acid  aspiration),  the  Pa02  achieved 
during  PAGE  approached  that  achieved  by  PAGE  in  normals. 
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TABLE  I 

P_0o  +  sd  (torr)  during  CPPB  and  PAGE 
a  2  -  tPPB  PAGE 


Normals 

540 

+ 

50 

360 

± 

90 

Neonatal  RDS 

50 

± 

30 

350 

+ 

80 

GA  ARDS 

100 

+ 

20 

350 

+ 

60 

OA  ARDS 

50 

+ 

40 

280 

+ 

80 

MAS 

70 

+ 

40 

180 

± 

30 

{samples  obtained  immediately  before  and  at  termination  of  PAGE) 


CONCLUSIONS: 

PAGE  with  perflubron  significantly  improved  oxgyenation  in 
animal  models  of  the  meconium  aspiration  syndrome,  ARDS,  and 
neonatal  RDS. 
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ABSTRACT 

Purpose:  The  feasibility  and  safety  of  continuous  long-term  (4-5  day)  partial  liquid 
ventilation  (PLV)  using  perflubron  was  demonstrated  in  newborn  baboons.  PLV, 
a  potential  therapy  for  adult  and  neonatal  respiratory  distress  syndrome  (RDS),  is 
conventional  mechanical  ventilation  (CMV)  with  the  lung  filled  to  about  functional 
residual  capacity  with  perfluorochemical  liquid. 

Protocol:  As  a  pilot  trial  for  a  larger  preclinical  study  focused  on  the  safety  of 
extended  duration  PLV,  three  near  term  baboons  were  studied.  The  animals  were 
delivered  by  cesarean  section,  anesthetized,  intubated  and  placed  on  CMV.  The 
animals  were  given  intratracheal  perflubron  (30  ml/kg)  and  maintained  on  PLV  for 
96  hours.  The  transition  back  to  gas  ventilation  occurred,  after  draining,  over  the 
fifth  day  (hrs  96-120). 

Results:  Two  of  the  animals  were  born  with  normal  pulmonary  function,  while  the 
third  developed  respiratory  distress  prior  to  PLV.  All  the  animals  were  adequately 
supported  with  PLV  using  moderate  ventilator  settings  and  low  concentrations  of 
oxygen.  Perflubron  distribution  was  enhanced  by  periodic  rotation  of  the  animals. 
Preliminary  histology  show  vacuolated  alveolar  macrophages  and  no  evidence  of 
edema  or  other  significant  changes  in  the  lungs.  Pulmonary  fimction  in  the  RDS 
animal,  after  PLV  treatment,  showed  normal  gas  exchange  and  lung  mechanics. 
Conclusions:  Three  near  term  baboons,  one  with  clinical  RDS,  tolerated  4  days  of 
PLV  followed  by  1  day  of  CMV  without  complications  using  practical  clinical 
management  methods. 
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INTRODUCTION 

While  perfluorochemical  (PFC)  liquid  ventilation  has  been  researched  for  many 
years  [1],  the  reliability  and  safety  of  these  procedures  in  prolonged  experiments 
representative  of  clinical  treatment  durations  have  not  been  established.  Further, 
the  toxicity  associated  with  extended  PFC  exposure  in  the  lung  has  not  been 
adequately  evaluated.  Liquid  ventilation  experiments  reported  in  the  literature 
have  been  limited  to  approximately  8  hours[2].  Before  liquid  breathing  therapy 
can  be  routinely  used  clinically,  the  safety  of  multiple-day  treatments  must  be 
demonstrated,  ideally  in  a  manner  which  is  minimally  traumatic  to  the  patient, 
logistically  manageable,  not  prone  to  human  error  or  device  failure,  and  which  uses 
a  PFC  known  to  be  safe  for  long  tissue  exposures. 

Perflubron  PLV  and  RDS  Intratracheal  administration  of  perflubron 
(perfluorooctylbromide,  PFOB)  offers  a  promising  method  of  ventilatory  support 
in  both  adult  respiratory  distress  syndrome  (ARDS)  and  infant  respiratory  distress 
syndrome  (IRDS).  The  technique  involves  neat  sterile  perflubron  being  introduced 
into  the  lung  during  concomitant  CMV  at  a  dose  approximately  equivalent  to  the 
normal  gas  functional  residual  capacity  (FRC)  of  the  patient's  lungs.  This  process 
of  extended  CMV  support  of  the  PFC-filled  (or  partially  filled)  lung  is  termed 
"partial  liquid  ventilation",  or  PLV.  This  is  distinguished  from  "total"  liquid 
ventilation  in  which  a  liquid  ventilator  is  used,  with  tidal  flow  of  liquid  (no  gas) 
into  and  out  of  the  lung.  PLV  is  also  termed  Perfluorocarbon  Associated  Gas 
Exchange,  PAGE[3]. 

Potential  Advantages  of  PLV  over  Conventional  Therapy  Perflubron  PLV  has 
been  shown  to  improve  gas  exchange  and  lung  compliance  in  several  animal 
models  of  lung  injury  (both  IRDS  and  ARDS)[4].  In  addition,  it  has  several 
potential  advantages  over  exogenous  surfactant  (ES)  therapy.  Due  to  perflubron's 
physical  properties  (e.g.,  spontaneous  spreading  coefficient  and  low  surface 
tension)[5]  and  the  large  volume  dose  employed,  it  has  the  potential  to  more 
completely  and  uniformly  inflate  the  lung.  Because  perflubron  is  radioopaque  it 
permits  imaging  to  help  in  assessing  PLV  liquid  distribution  in  the  lung. 

Perflubron  can  be  administered  without  the  transient  hypoxia  or  hypercapnia  often 
associated  with  ES  administration  due  to  its  high  O2  and  CO2  solubilities.  In 
addition,  its  low  surface  tension  and  positive  spreading  coefficient  appear  to  act  to 
recruit  more  lung  volume,  increase  lung  compliance  and  lower  the  airway 
pressures  needed  to  open  and  sustain  physiologic  ventilation.  It  is  speculated  that 
the  presence  of  a  breathable  liquid  in  the  alveoli  also  prevents  end-expiratory 
collapse  while  sustaining  O2  delivery  and  CO2  removal  following  end-expiration. 
Further,  recent  observations  support  the  notion  that  the  presence  of  perflubron  in 
the  alveoli  may  also  produce  a  tamponade  effect  which  reduces  leakage  of  fluids 
into  the  airway  across  the  alveolar  capillary  membrane[6].  Unlike  surfactants. 
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perflubron  is  not  biochemically  inhibited  by  proteinaceous  edema.  Further, 
perflubron  has  no  foreign  proteins  (as  for  animal-derived  surfactants)  and  does  not 
promote  bacterial  growth. 


MATERIALS  AND  METHODS 

Three  near  term  baboons  (165-171  days  gestational  age;  term=182  days)  were 
delivered  by  hysterotomy,  resuscitated  and  placed  on  CMV  (Infant  Star, 
Infrasonics,  San  Diego,  CA.)  for  1  to  3  hours  of  stabilization.  The  animals  were 
anesthetized  with  I.V.  ketamine  (5  mg/kg),  and  fentanyl  (5  pg/kg)  was  used  as 
needed  for  analgesia.  Arterial  and  venous  umbilical  catheters  were  placed  and 
prophylactic  antibiotics  administered  every  12  hours.  Paralysis  of  the  respiratory 
musculature  was  induced  and  maintained  with  pavulon  0.1  mg/kg  every  4 
hours).  Animals  were  maintained  on  I.V.  fluids  throughout  the  experiment  and 
maternal  blood  was  used  as  donor  blood  to  replace  sampling  losses  on  a 
volumetric  basis. 

Monitored  and  recorded  data  included  vital  signs  (blood  pressure,  body 
temperature  and  heart  rate)  taken  hourly  or  as  needed  for  the  first  24  hours,  and 
thereafter  every  two  hours.  A  standard  battery  of  blood  gases  (every  4  hours  or  as 
needed),  electrolytes,  hematology  and  chemistries  (daily),  and  A-P  and  lateral 
chest  x-rays  (every  8  hours  or  as  needed).  M-mode  and  Doppler 
echocardiography  were  performed  daily  to  assess  the  closure  of  the  patent  ductus 
arteriosus  (PDA).  Non-invasive  pulmonary  function  tests  performed  daily  included 
static  compliance,  dynamic  pressure-volume  loops,  and  passive  exhalation  airway 
resistance  and  compliance. 

Partial  liquid  ventilation  was  instituted  for  96  continuous  hours  by  administering 
the  first  perflubron  dose  (?»  30  ml/kg)  at  the  end  of  the  stabilization  period,  and 
then  maintaining  an  approximate  FRC  of  liquid  in  the  lungs  by  supplemental  doses 
given  about  once  per  hour  to  replace  evaporative  losses.  Supplemental  dosing 
(and  thus  measurement  of  evaporative  loss)  was  performed  by  maintaining  an 
approximately  constant  meniscus  level  in  the  endotracheal  tube  under  positive  end- 
expiratory  pressure  (PEEP)  of  2  cmH20.  Based  on  an  earlier  study  demonstrating 
an  improvement  in  liquid  distribution  following  animal  rotation  [6],  the  baboons  in 
this  study  were  rotated  during  initial  and  supplemental  dosing.  Lateral  and  AP 
chest  x-rays  showed  generally  uniform  distribution  throughout  the  PLV  treatment. 

At  96  hours  further  supplemental  perflubron  dosing  was  stopped  and  as  much 
perflubron  as  possible  was  drained  from  the  lung  by  gravity.  Mechanical 
ventilation  was  then  maintained  for  the  final  24  hours,  with  blood  gases  being 
monitored  to  determine  ventilator  adjustments  to  accommodate  changes  in 
oxygenation  and  ventilation  occurring  during  the  transition  back  to  gas  breathing. 
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FIGURE  1  A.  At  Birth  -  Prior  to  Filling 
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Pressure  in  cm  HjO 


FIGURE  IB.  Perflubron-Fiiled  Lung  at  24  hours 


Pressure  in  cm  H2O 

FIGURE  lA-lB.  Pressure-volume  curves  in  baboon  #3:  (non-RDS  animal)  after 
birth  prior  to  perflubron  filling  (1  A)  and  24  hours  into  PLV  treatment  (IB). 


RESULTS  AND  DISCUSSION 

Safety  Data  All  animals  were  successfully  ventilated  with  perflubron  PLV  for  the 
entire  protocol  without  complication  using  standard  clinical  neonatal  intensive  care 
staffing  and  procedures.  PDAs  in  all  animals  closed  normally  during  the  PLV 
treatment  period.  Ventilator  settings,  characterized  for  both  steady  state  treatment 
periods  and  the  dosing  intervals,  showed  that  only  moderate  airway  pressures 
(peak  inspiratory  pressures  [PIP]  =14-22  cmH20,  PEEP<6  cmH20),  breathing 
rates  (16-25  bpm)  and  inspired  oxygen  (FIO2=0.3 5-0.40)  were  required  to 
produce  acceptible  oxygenation  and  ventilation.  The  rate  of  perflubron 
evaporative  loss  was  1. 5-2.0  ml/kg/hr. 
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FIGURE  2.  Comparison  of  arterial  oxygenation  (Pa02)  as  a  function  of  inspired 
fraction  of  oxygen  (FIO2)  in  a  newborn  baboon  with  RDS,  before,  during  and 
24  hours  after  perflubron  PLV.  All  PLV  measurements  were  taken  during 
during  the  first  hour  of  the  treatment.  Comparable  ventilator  settings  were 
used  for  all  measurements. 


Figure  la- lb  show  sequential  dynamic  pressure-volume  (P-V)  curves  for  a  normal 
(non-RDS)  animal,  both  before  perflubron  dosing  and  during  PLV  at  24  hours  into 
the  treatment.  The  figures  demonstrate  that  an  apparent  increase  in  dynamic  lung 
compliance  was  observed  during  PLV.  It  is  important  to  appreciate,  however,  that 
measurements  of  dynamic  P-V  loops  made  during  air  breathing  CMV  may  not  be 
directly  comparable  to  those  made  during  perflubron  PLV.  This  follows,  in  part, 
from  the  observation  that  the  FRC  volume  was  not  always  precisely  known. 
However,  P-V  curves  taken  at  24  hrs  after  cessation  of  PLV  show  loops  very 
similar  to  Figure  la,  indicating  that  the  pre-  and  post-treatment  compliance  were 
about  the  same  in  the  normal  lung  when  evaporative  removal  was  nearly  complete. 

Preliminary  morphologic  findings  show  no  evidence  of  edema,  fibrosis  or  other 
lung  abnormalities  in  any  of  the  animals.  Some  vacuolated  alveolar  macrophages 
were  noted.  Perflubron  uptake  by  macrophages  is  commonly  reported  in  studies 
of  I.V.  administration  of  PFC  emulsions. 
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EflScacv  Data  Two  of  the  baboons  were  born  with  normal  newborn  pulmonary 
function,  while  the  third  developed  (prior  to  PLV)  clinical  indications  of  hyaline 
membrane  disease.  Figure  2  shows  that  100%  inspired  oxygen  during  PLV 
produced  extremely  high  Pa02  (>400  mmHg)  in  the  RDS  lung.  This  permitted 
FIO2  to  be  routinely  operated  for  most  of  the  treatment  period  at  levels  considered 
safe  for  long  term  exposure  (0,35-0.40).  Significantly,  normal  blood  gases  were 
achieved  in  the  RDS  lung  on  air  breathing  (FIO2=0.21),  24  hours  after  PLV 
administration  ceased. 


CONCLUSIONS 

Four  days  of  perflubron  PLV  followed  by  1  day  of  CMV  appears  feasible  and  can 
be  accomplished  with  relatively  simple  respiratory  management  techniques.  No 
apparent  adverse  effects  occurred  in  the  three  animals  tested.  For  example, 
preliminary  results  from  histology  indicate  that  the  treatment  did  not  lead  to  lung 
barotrauma.  In  addition,  the  potential  efficacy  of  PLV  in  the  management  of 
infants  with  RDS  was  supported  by  measured  improvements  in  gas  exchange  in  a 
baboon  with  RDS.  While  these  data  are  preliminary,  the  findings  of  approximately 
normal  gas  exchange  and  compliance  24  hours  post-treatment  also  indicate  that  the 
treatment  did  not  significantly  inhibit  nor  deplete  pulmonary  surfactant. 
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ABSTRACT 

We  investigated  whether  pulmonary  function  and  gas  exchange  would 
improve  with  liquid  perfluorocarbon  ventilation  (LV)  during  ECMO  for  severe 
respiratory  failure.  Lung  injury  was  induced  in  11  young  sheep  15.1  ±  3.7  kg  in 
weight  utilizing  right  atrial  injection  of  0.07  cc/kg  oleic  acid  followed  by  saline 
pulmonary  lavage.  When  (A-a)D02  >  600  mmHg  and  Pa02  <  50  mmHg  with 
Fi02  =  1-0,  ECMO  was  instituted.  Animals  were  then  ventilated  with  either 
standard  ECMO  "lung  rest"  gas  ventilator  settings  (ECMO,  n=5)  or  with  "total" 
Hquid  ventilation  at  standard  ventilator  device  settings  (LIQ-ECMO,  n=6)  utilizing 
perflubron  (perfluooctyl  bromide,  Liquivent^M.  Alliance  Pharmaceutical  Corp.). 
After  3  hours  on  ECMO,  pulmonary  physiologic  shunt  decreased  (ECMO  =  88  ± 
11%  vs  LIQ-ECMO  =  31  ±  1%;  p  <  .001)  and  pulmonary  compliance  increased 
(ECMO  -  0.50  ±  0,06  cc/cmH20/kg  vs.  LIQ-ECMO  =  1.04  ±  0.19  cc/cmH20/kg;  p 
<  .001).  The  ECMO  flow  rate  required  to  maintain  the  Pa02  in  the  50-80  mmHg 
range  was  decreased  significantly  (ECMO  =  116  ±  14  ml/kg/min  vs.  LIQ-ECMO  = 
14  +  5  ml/kg/min;  p  <  .001).  In  this  model  requiriag  extracorporeal  support  for 
severe  respiratory  failure,  lung  management  with  liquid  ventilation  improves 
pulmonary  function  and  gas  exchange. 
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INTRODUCTION 

Extracorporeal  membrane  oxygenation  (ECMO)  is  utilized  to  provide 
prolonged  cardiopulmonary  support  in  neonatal,  pediatric,  and  adult  patients  with 
severe  acute  respiratory  failure  (ARF).[1]  ECMO  allows  application  of  the  concept 
of  "lung  rest"  and  avoidance  of  the  deleterious  effects  of  high  pressure  ventilation 
and  oxygen  toxicity.[2]  However,  there  is  often  no  specific  lung  management 
implemented  during  ECMO  to  enhance  lung  healing  or  pulmonary  function. 

Pulmonary  gas  exchange  utilizing  liquid  breathing  has  been  investigated 
over  the  last  25  years.[3]  Full-term,  as  well  as  premature,  lambs  and  other  animals 
may  be  supported  for  long  periods  via  perfluorocarbon  breathing.  [4]  The 
improved  efficacy  of  liquid  ventilation  when  compared  to  gas  ventilation  in 
newborn  lambs  with  acute  respiratory  failure  secondary  to  intravenous  oleic  acid 
injection  has  been  demonstrated. [5]  The  demonstration  of  improved  gas  exchange 
and  support  in  an  acute  lung  injury  model  of  respiratory  failure  made  us  question 
whether  pulmonary  function  might  not  be  improved  through  use  of  liquid 
ventilation  during  ECMO. 


METHODS 

11  young  sheep  15.1  ±  3.7  kg  in  weight  were  anesthetized  with  a 
guaifenesin/ketamine  mixture  (50g  guaifenesin/ liter  and  Ig  ketamine /liter,  2.2 
ml/kg  administered  for  initial  anesthesia  with  titration  to  effect).  A  midline  neck 
incision  was  performed  and  the  trachea  isolated  and  cannulated.  The  right  carotid 
artery  as  well  as  both  internal  jugular  veins  were  identified.  An  18  gauge  catheter 
was  placed  into  the  carotid  artery  and  advanced  approximately  3  cm  and  anchored 
in  place.  A  5  French  balloon-tipped  catheter  was  advanced  into  the  pulmonary 
artery  under  transduced  pressure  guidance  via  the  right  femoral  vein.  Heparin  100 
units/kg  were  administered  intravenously.  A  venous  drainage  cannula  was 
placed  via  the  left  internal  jugular  vein  into  the  right  atrium  and  anchored  in  place. 
A  reinfusion  cannula  was  placed  into  the  right  internal  jugular  vein  and  anchored 
in  place.  The  connectors  to  the  two  cannulae  were  placed  and  flushed.  Veno- 
venous  bypass  was  instituted,  but  the  membrane  lung  was  capped  such  that  gas 
exchange  did  not  take  place.  Pancuronium  0.1  mg/ kg  was  administered 
intravenously  and  mechanical  ventilation  initiated.  An  anesthetic  infusion  of  the 
guaifenesin /ketamine  mixture  was  started  at  a  rate  of  2.2  ml/kg/hr.  The  animal 
was  allowed  to  stabilize.  Arterial  blood  gas,  hemoglobin  and  oxygen  saturation 
data  were  monitored  utilizing  an  ABL-30  blood  gas  analyzer  (Radiometer  A/S, 
Copenhagen,  Denmark)  and  an  IL  282  co-oximeter  (Instrumentation  Laboratories, 
Lexington,  Mass).  Baseline  static  compliance  was  assessed  by  sequential 
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endotracheal  tube  injections  of  4  ml/kg  of  air  during  gas  ventilation  and  4  ml/kg 
of  perflubron  (perfluoro octyl  bromide,  Liquivent'TM^  Alliance  Pharmaceutical 
Corp.;  San  Diego,  California)  during  liquid  ventilation  at  2  second  intervals  to  a 
maximum  of  20  cc/kg  with  transduced  carinal  pressure  measurements  evaluated 
by  a  Grass  polygraph.  Baseline  transpulmonic  shunt  fraction  (Qps/QT)  and  the 
alveolar-arterial  oxygen  gradient  [(A-a)D02]  were  calculated  based  on  assessment 
of  arterial  O2  content,  mbced  venous  (pulmonary  artery  catheter)  O2  content, 
alveolar  end-capillary  O2  content,  and  PaC02  utilizing  the  following  equations: 
QPS/QT  =  (Ci02  -  Ca02)/(Ci02  -  Cv02) 

Where  Qps  =  physiologic  shunt;  Qj  ==  cardiac  output;  Ca02  =  O2  content  of 
arterial  blood;  Cv02  =  02  content  of  mixed  venous  blood;  and  Ci02  =  O2  content 
of  the  blood  draining  from  the  ideal  alveolus,  as  derived  from  the  alveolar  gas 
equation  and  the  O2  dissociation  curve;  and 

(A-a)D02  =  PAO2  -  Pa02 

Where  PAO2  =  (Fi02  -  47)  -  (PaC02/RQ),  assuming  RQ  =  0.8  Veno-venous 
bypass  allowed  measurement  of  Qps/Qt  despite  the  influence  of  extracorporeal 
support  upon  gas  exchange. 

Oleic  acid  (MalUnckrodt,  C18H34O2)  0.07  ml/kg  was  then  injected  and 
flushed  into  the  right  atrium  through  the  pulmonary  artery  catheter  over  5 
minutes.  In  addition,  normal  saline  limg  lavage  35  ml/kg  was  performed  three 
times  at  5  minute  intervals.  The  Fi02  was  increased  to  1.0  and  ventilator  pressures 
adjusted  to  maintain  the  PaC02  <  45  mmHg.  Compliance,  Qps/ QT/  (A-a)D02, 
and  arterial  blood  gas  measurements  were  obtained  every  15  minutes.  Once  the 
(A-a)D02  ^  600  mmHg  and  Pa02  <  50  mmHg  with  Fi02  =  1-0,  gas  exchange  and, 
therefore,  support  with  ECMO  was  initiated  and  lung  management  was 
randomized  to  one  of  two  techniques: 

1)  Lung  management  in  5  animals  was  performed  with  gas  ventilation  at 
standard  ECMO  "limg  rest"  ventilator  settings  (ECMO  group)  which 
included  a  peak  inspiratory  pressure  (PIP)  of  20  cmH20,  a  positive  end- 
expiratory  pressure  (PEEP)  of  4  cmH20,  and  a  rate  of  10 
breaths/minute.[2]  Fi02  was  maintained  at  1.0. 

2)  Lung  management  in  6  animals  was  performed  with  perfluorocarbon 
liquid  ventilation  (LIQ-ECMO  group).  The  lungs  were  filled  with 
perflubron  35cc/kg.  A  liquid  ventilator  was  attached  to  the  endotracheal 
tube  and  "total"  or  tidal  volume  liquid  ventilation  was  performed  at 
standard  ventilator  settings  which  included  a  tidal  volume  of  15  cc/kg,  a 
rate  of  5  breaths  per  minute,  and  an  inspiratory  to  expiratory  ratio  of 
1:2.  [4]  Fi02  of  the  liquid  ventilator  sweep  flow  was  maintained  at  1.0 
which  resulted  in  a  perfluorocarbon  Pi02  «  700  mmHg. 
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Venovenous  extracorporeal  support  in  all  groups  was  adjusted  to  maintain 
the  arterial  blood  gas  values  with  a  PaC02  =  35-45  mmHg  and  Pa02  =  50-80 
mmHg.  Heparin  100  units /kg  and  pancuronium  0.1  mg/kg  were  administered 
intravenously  every  hour.  Compliance,  blood  gas,  and  Qps/QX  data  were 
assessed  every  half  hour.  After  3  hours,  final  compliance,  QPS/ QT  ,  ai^d  blood  gas 
data  were  obtained.  Statistical  comparison  of  the  data  from  the  ECMO  and  LIQ- 
ECMO  animal  groups  was  performed  utilizing  the  student  t-test  and  data 
presented  as  mean  ±  S.D. 


RESULTS 

The  calculated  physiologic  shunt  (Qps/Qt)  is  demonstrated  in  figure  1. 
Physiologic  shunt  was  15%  ±  6%  at  baseline  in  both  groups  and  increased  to 
approximately  66%  ±  9%  after  induction  of  lung  injury.  After  30  minutes  on 
ECMO  both  animal  groups  renaained  gas  ventilated.  With  initiation  of  liquid 
ventilation  signiEcant  and  sustained  reductions  in  physiologic  shunt  were  noted 
which  continued  for  the  duration  of  the  3  hours  that  the  animals  were  supported 
with  ECMO.  After  3  hours  on  ECMO  the  physiologic  shimt  in  the  ECMO  group 
was  88  ±  11%  and  in  the  LIQ-ECMO  group  was  31  ±  1%. 

The  pulmonary  compliance  as  measured  at  20  cc/kg  inflation  volume  is 
demonstrated  over  time  in  figure  2.  Baseline  compliance  was  1.42  +.  0.45 
cc/cmH20/kg  in  the  ECMO  group  and  1.26  ±  0.28  cc/cmH20/kg  in  the  LIQ- 
ECMO  group.  After  induction  of  lung  injury  the  compliance  at  20  cc/kg  inflation 
volume  in  the  ECMO  group  decreased  to  0.58  ±  0.10  cc/cmH20/kg  and  in  the 
LIQ-ECMO  group  to  0.51  ±0.11  cc/cmH20/kg.  At  30  minutes  on  ECMO  both 
groups  of  animals  remained  gas  ventilated.  With  initiation  of  liquid  ventilation 
substantial  and  significant  improvements  in  compliance  were  observed  with  the 
compliance  after  3  hours  on  ECMO  0.53  +  0.10  in  the  ECMO  group  and  1.04  ±  0.21 
in  the  LIQ-ECMO  animals. 

With  initiation  of  LV,  a  significant  reduction  in  the  ECMO  flow  rate 
required  to  maintain  the  Pa02  in  the  50-80  mmHg  was  observed  and  is 

demonstrated  in  figure  3.  Required  ECMO  flow  rate  after  3  hours  of 
extracorporeal  support  was  14  +  5  cc/kg/ min  in  the  LIQ-ECMO  group  which  was 
substantially  less  than  the  116  ±  14  cc/kg /min  flow  rate  required  in  the  ECMO 
group. 


DISCUSSION 

In  this  study,  a  model  of  respiratory  failure  of  such  severity  as  to  require 
ECMO  was  utilized  to  compare  the  efficacy  of  lung  management  between  "lung 
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FIGURE  1:  Physiologic  shvmt  witii  standard  "lung  rest"  pulmonary 
management  during  ECMO  (ECMO)  and  with  liquid  ventilation  during 
ECMO  (LIQ-ECMO).  (*  p  <  .001) 


FIGURE  2:  Pulmonary  compliance  at  inflation  to  20  ml/ kg  with  standard 
"lung  rest"  pulmonary  management  during  ECMO  (ECMO)  and  with  liquid 
ventilation  during  ECMO  (LIQ-ECMO)  (*  p  <  .001) 
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FIGURE  3:  The  ECMO  flow  rate  required  to  maintain  the  Pa02  in  the  SO¬ 
SO  mmHg  range  with  standard  "lung  rest"  pulmonary  management  during 
ECMO  (ECMO)  and  with  Hquid  ventilation  during  ECMO  (LIQ-ECMO)  {*  p 
<  .001) 


rest"  gas  ventilation  and  total  liquid  ventilation  during  ECMO.  Typical  ECMO 
"lung  rest"  gas  ventilator  and  standard  liquid  ventilation  device  settings  were 
utilized.  [1,2]  The  data  clearly  demonstrate  that  pulmonary  function  and  gas 
exchange  are  improved  during  liquid  ventilation  in  this  model  of  severe 
respiratory  failure  on  ECMO. 

ECMO  is  a  technique  which  provides  cardiopulmonary  support  in  the 
setting  of  severe  respiratory  failure.  [1,2]  Extracorporeal  support  allows  for  a 
decrease  in  ventilator  pressures  as  well  as  in  Fi02  while  adequate  oxygenation  and 
carbon  dioxide  elimination  are  maintained.  Thus  lung  rest  and  avoidance  of 
pulmonary  parenchymal  injury  is  achieved  during  periods  of  severe  respiratory 
failure.  Unfortunately,  onset  of  extracorporeal  support  is  often  accompanied  by 
the  development  of  bilateral  pulmonary  opacification  noted  radiologically  with 
associated  deterioration  in  pulmonary  function  and  gas  exchange.  [6,7]  The 
etiology  for  this  diffuse  pulmonary  opacification  is  unclear,  but  probably  is 
secondary  to  cessation  of  high  ventilator  pressures  associated  with  severe  and 
diffuse  atelectasis.  Another  possible  etiology  for  this  bilateral  pulmonary 
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opacification  includes  pulmonary  capillary  leak  secondary  to  blood  surface 
interactions  at  onset  of  bypass  with  a  concomitant  inflammatory-mediated 
response.  Whatever  the  mechanism,  this  dense  pulmonary  opacification  results  in 
an  initial  deterioration  in  pulmonary  function  and  gas  exchange  with  associated 
prolongation  of  the  time  course  during  which  extracorporeal  support  is 
necessary.  [8]  In  addition,  the  mortality  in  the  setting  of  severe  respiratory  failure 
requiring  ECMO  in  the  non-neonatal  population  is  still  approximately  50%.[9] 
This  mortality  is  multifactorial,  but  is  often  directly  related  to  the  persistent 
atelectasis,  the  widespread  organization  of  intra-alveolar  exudates,  and  the 
associated  pulmonary  fibrosis  which  results  in  irreversible  lung  failure  and 
eventual  death.  [10]  A  means,  therefore,  for  providing  effective  alveolar 
recruitment  and  overall  improvement  in  pulmonary  function  and  gas  exchange 
during  ECMO  would  be  desirable. 

Many  methods  of  lung  management  have  been  applied  in  an  attempt  to 
improve  pulmonary  function  and  outcome  during  ECMO  and  acute  respiratory 
failure.  The  use  of  high  levels  of  positive  end-expiratory  pressure  (PEEP),  the 
application  of  inverse  ratio  ventilation  (IRV),  and  the  administration  of  surfactant 
have  aU  been  utilized  with  minimal  efficacy.  [11,12]  However,  multiple  factors 
would  suggest  that  liquid  ventilation  would  improve  gas  exchange  and  pulmonary 
function  in  the  setting  of  ARF  on  ECMO.  The  alveolar  surface  tension  in  the 
perfluorocarbon-fiUed  lung  is  approximately  half  that  of  normal  lungs  filled  with 
air.  [13]  Therefore,  liquid  ventilation  may  be  beneficial  in  inducing  alveolar 
recruitment  in  the  setting  of  atelectasis  and  surfactant-depletion  such  as  that  seen 
in  the  patient  with  respiratory  failure  on  ECMO.  [14]  Pulmonary  surfactant  is 
immiscible  in  PFC  so  that  further  surfactant  depletion  is  not  promoted. [15]  In 
addition,  the  intra-alveolar  fluid  present  in  the  setting  of  severe  respiratory  failure 
may  be  effectively  lavaged,  removed,  and/or  replaced  by  the  PFC  which,  unlike 
other  intra-alveolar  fluids,  has  the  ability  to  carry  out  gas  exchange. 

Improvements  in  lung  function,  such  as  those  observed  in  this  study  during 
use  of  liquid  ventilation,  may  have  the  potential  of  improving  the  relatively  high 
mortality  observed  in  pediatric  and  adult  patients  on  ECMO.  In  addition,  the  time 
course  on  extracorporeal  support  may  be  shortened,  resulting  in  a  reduction  in 
morbidity  and  cost  for  ECMO  patients  of  aU  age  groups.  Although  clinical  studies 
assessing  the  efficacy  of  liquid  ventilation  in  patients  on  ECMO  have  yet  to  be 
performed,  the  data  from  this  study  suggest  that  pulmonary  management  with 
liquid  ventilation  may  improve  lung  function  and,  therefore,  outcome  in  the 
patient  with  respiratory  failure  on  ECMO. 
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NEONATAL  ENDOTRACHEAL  TUBES:  VARIATION  IN  AIRWAY 
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ABSTRACT 

To  evaluate  the  effect  of  the  physical  properties  of  density  and  viscosity 
on  airway  resistance,  three  perfluorochemical  fluids  (PFCs)  were  used: 
FC-75,  Liquivent  and  APF-140.  Using  two  different  endotracheal  tubes 
(ETT)  (3.0mm  ID  and  4.0mm  internal  diameter  (ID)),  the  three  fluids  were 
studied  at  steady  state  flow  conditions  over  a  range  that  approximated 
peak  flow  required  for  liquid  ventilation  of  neonatal  lambs  (0.005-0.02 
I/sec).  The  slope  of  airway  resistance  (Raw)-flow  curves  and  absolute 
values  of  Raw  for  the  3  PFC  liquids  were  higher  for  the  3.0  ETT  compared 
to  the  4.0  ETT.  The  3.0  ETT  demonstrated  resistance  changes  that  were 
dependent  on  flow,  density  and  viscosity.  The  4.0  ETT  showed  a  resist¬ 
ance-flow  relationship  that  was  relatively  less  dependent  on  flow,  density 
and  viscosity. 


INTRODUCTION 

Relatively  small  endotracheal  tubes  (ETT)  are  required  for  gas  ventila¬ 
tion  of  the  neonate.  It  is  known  that  these  narrow  ETT  produce  a  high  Raw 
with  gas  ventilation  and  several  modifications  have  been  made  to  infant 
ventilators  to  overcome  Raw  and  decrease  work  of  breathing  [1,2]. 

Recently,  newborn  and  premature  animals  as  well  as  critically  ill  infants 
have  been  successfully  liquid  ventilated  using  PFC  liquids  [3-7].  These 
liquids  were  used  because  they  are  inert,  have  a  high  respiratory  gas 
solubility  and  have  low  surface  tension  enabling  low  inflation  pressures  [8]. 
Additionally,  when  ventilating  with  PFC,  low  inflation  pressures,  small  tidal 
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volumes  and  low  breathing  frequency  are  used.  This  liquid  ventilation 
breathing  strategy  results  in  effective  physiologic  gas  exchange  and  low 
alveolar  pressures  [9-11].  To  complement  this  ventilation  approach, 
knowledge  of  liquid  physical  properties  and  their  effect  on  Raw  is  important 
in  selection  of  the  appropriate  RFC  for  a  specific  clinical  application. 

The  purpose  of  this  study  is  to  quantitate  the  combined  effects  of  RFC 
physical  properties  and  ETT  size  on  Raw. 

METHODS 

Airway  resistance  of  the  ETT  was  determined  with  a  continuous  circuit 
system,  utilizing  a  variable  flow  pump  (Masterflex  Model  7520),  open- 
collection  reservoir  for  unimpeded  ETT  flow,  and  fluid/gas  capacitor.  The 
capacitor  was  placed  downstream  from  the  pump  to  dampen  pressure 
variations  in  the  system.  Total  internal  system  volume  was  approximately 
one  liter.  Rressure  was  measured  by  a  pressure  transducer  (Gould 
R231D)  and  the  signal  was  amplified  and  recorded  on  a  polygraph  record¬ 
er  (Grass  Model  7D).  Flows  were  measured  at  different  pump  settings  by 
timed  collection  of  fluid.  The  range  of  flows  were  selected  to  approximate 
the  flow  requirements  for  liquid  ventilation  of  neonatal  lambs  (.005L/sec 
to  .020  L/sec)  [7].  All  pressures  and  flows  were  measured  simultaneous¬ 
ly.  Two  different  size  neonatal  ETT  were  evaluated  (3.0  mm  and  4.0  mm 
ID,  length  16cm  and  18.5cm:  Mallincrokdt  Hi-Lo  Jet  tubes).  All  ETT  had 
standard  adapters  (2cm  long)  with  the  same  ID  as  the  ETT.  Three  different 
perfluorochemical  liquids  were  evaluated  (@  25°C). 

As  shown  in  TabPe  1 ,  all  three  liquids  have  a  density  of  approximately 
two  times  that  of  saline.  Kinematic  viscosity  of  these  three  fluids  increased 
from  FC-75  (3M  Corp),  to  Liquivent  (Alliance  Rharm.,  Inc),  to  ARF-140 
(Air  Rrod.,  Inc.). 

Airway  resistance  was  calculated  by  dividing  pressure  by  flow.  Rres- 
sure-flow  and  resistance-flow  relationships  were  plotted.  As  previously 
described  [12],  K1  (Y  intercept)  and  K2  (slope)  of  the  Rohrer  equation 
were  calculated  by  using  the  method  of  least  squares.  Reynolds  numbers 
were  calculated  at  the  highest  flow  condition  (.02L/sec)  using  the  formula: 

Re=pVD/u 

where  D=tube  diameter,  V=mean  velocity,  p  =  density,  u= viscosity  [13]. 

RESULTS 

The  relationship  between  pressure-flow  and  Raw-flow  for  both  ETT  and 
the  three  fluids  are  shown  in  Fig  I .  As  expected,  pressure  and  Raw  were 
higher  for  the  3.0  ETT  than  the  4.0  ETT  for  all  liquids  for  similar  flow 
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TABLE  I  PHYSICAL  PROPERTIES  OF  PFC’S 


FC-75 

Density  (gm/ml) 

1.78 

Kinematic  Vise  (cst) 

0.82 

Dynamic  Vise  (esp) 

1.46 

LiquiVent 

APF-140 

1.93 

1.95 

1.10 

2.90 

2.12 

5.66 

conditions.  Furthermore,  it  was  shown  that  pressure  and  Raw  in  the 
smaller  ETT  were  more  flow  dependent. 

As  shown  In  Table  II,  both  Rohrer  constants  (K1  and  K2)  are  greater 
for  the  3.0  ETT  as  compared  to  the  4.0  ETT  for  all  liquids.  For  both  tubes, 
K2  for  APF-140  >  K2  for  Liquivent  >  K2  for  FC-75.  With  the  exception  of 
K1(  FC-75  ;  3.0  ETT),  K1  for  APF-140  >  K1  for  Liquivent  >  K1  for  FC-75. 

As  shown  in  Table  111,  computed  Reynold’s  number  values  varied  over  the  com¬ 
plete  range  of  laminar,  transitional,  and  turbulent  flow  conditions. 

DISCUSSION 

The  present  study  characterized  the  effects  of  PFC  properties  and  ETT 
size  on  the  Raw  and  pressure  profiles  associated  with  liquid  ventilation. 
As  with  gas  ventilation,  it  was  found  that  Raw  and  pressure  were  indirectly 
related  to  the  ETT  inner  diameter  and  directly  related  to  flow.  It  also 
showed  that  the  physical  properties  of  different  PFC  liquids  have  a  signifi¬ 
cant  impact  upon  Raw  and  pressure.  As  previously  described  by  the 
Rohrer  equation,  resistance,  pressure  and  flow  are  characterized  by  the 
constants  K1  and  K2  where  ,  K1  is  viscosity  and  geometry  dependent  and 
K2  is  density  dependent.  As  show  in  Table  II,  the  experimental  data  were 
consistent  with  these  theoretical  predictions.  Fluids  with  the  highest 
dynamic  viscosity  (K1)  and  density  (K2)  resulted  in  the  highest  Raw  and 
pressure  profiles  as  a  function  of  flow.  These  in  vitro  data  may  have  par¬ 
ticular  relevance  towards  optimizing  in-vivo  breathing  strategy  during 
liquid  ventilation  with  PFC  liquids  of  different  physical  properties. 

During  liquid  ventilation  there  are  two  major  pressures  to  consider: 
proximal  airway  pressure  and  alveolar  pressure.  During  ventilation  using 
PFC  liquids,  lower  surface  tension,  low  flow  rates  and  the  pressure  drop 
along  the  airway  results  in  lower  alveolar  pressure  despite  high  airway 
resistance  and  proximal  airway  pressure[10].  Alveolar  pressure  ,  seen  in 
the  terminal  alveoli,  is  important  in  determining  lung  compliance,  effecting 
gas  exchange,  and  preventing  barotrauma.  As  shown  in  this  study, 
proximal  airway  pressure,  or  the  driving  force  required  for  fluid  flow,  is 
therefore  dependent  upon  the  physical  properties  of  the  breathing 
medium,  dimensions  of  the  ETT,  and  flow  conditions. 
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FIGURE  I:  Resistance  and  Flow  Relationships  For  Three  RFC  Fluids 


Evaluated  with  Two  Neonatal  Endotracheal  Tubes 
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As  previously  mentioned,  K1  is  dependent  on  tube  geometry  as  well  as 
viscosity.  In  this  regard,  K1  is  directly  related  to  [  8I/Dr^  ]  x  u  .  As 
noted  for  the  small  3.0  ETT,  the  K1  appeared  to  be  relatively  more 
dependent  on  radius  rather  than  viscosity  effects.  Therefore,  the  radius 
difference  between  the  two  ETTs  had  a  greater  overall  effect  on  airway 
resistance  and  pressure  than  the  difference  in  fluid  viscosity. 

In  summary,  there  are  several  different  factors  to  consider  when  select¬ 
ing  a  PFC  liquid  for  mechanical  ventilation,  such  as  gas  solubilities,  diffu¬ 
sion  coefficients,  surface  tension,  vapor  pressure,  density  and  viscosity. 
After  determininging  the  ETT  size,  and  PFC  liquid  needed  to  ventilate  a 
neonatal  animal,  the  alveolar  pressures  may  be  minimized  by  knowing 
specifically  how  the  density  and  viscosity  of  each  PFC  liquid  will  effect  the 
Raw  of  a  certain  size  ETT. 
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ABSTRACT  :  The  release  of  entrapped  5(6)-carboxyfluorescein  from  fluorinated 
vesicles  in  a  buffer  or  in  human  serum  is  considerably  less  than  that  from 
hydrogenated  liposomes.  The  presence  of  a  fluorinated  core  inside  the  liposomal 
membrane  definitely  reduces  its  permeability.  In  some  cases,  the  stability  of 
liposomes  made  from  fluorinated  phospholipids  alone  is  better  than  that  of  egg 
phosphatidylcholine  cholesterol  1/1  vesicles,  which  are  among  the  least  permeable 
and  most  stable  hydrogenated  liposomes. 

INTRODUCTION 

Vesicles  made  of  phospholipids  (or  liposomes)  are  closed  uni-  or  multibilayer 
shells  which  separate  an  internal  aqueous  compartment  from  the  bulk  solution. 
Their  ability  to  encapsulate  a  wide  variety  of  solutes,  including  hemoglobin 
(encapsulation  of  hemoglobin  might  prevent  its  leakage  from  vascular  spaces  and 
subsequent  interaction  with  the  vasomediator,  nitric  oxide),  has  stimulated  intensive 
efforts  to  develop  drug  carrier  and  delivery  systems  [1].  Several  liposomal  drug 
formulations  are  presently  in  clinical  trials.  However,  additional  research  is  needed 
to  improve  our  ability  to  control  and  manipulate  the  liposomes'  long-term  shelf- 
stability,  stability  in  biological  environments  (stability  is  defined  here  as  the  extent 
to  which  the  carrier  retains  its  drug  content),  in  vivo  recognition,  intravascular 
persistence,  biodistribution  and  reactions  triggered  in  the  organism. 
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The  elaboration  of  a  stable  membrane  which  allows  the  encapsulation  and 
retention  of  a  variety  of  drugs  is  a  challenging  objective.  It  is  achieved  to  some 
extent  by  increasing  the  rigidity  of  the  membrane  either  by  including  cholesterol 
(CH)  into  the  membrane  or  by  using  phospholipids  which  tend  to  self-organize  into 
a  rigid  gel  lamellar  phase  [2].  Such  liposomal  formulations  have,  however,  limited 
potential :  (i)  cholesterol  is  unsuitable  for  certain  pathologies  ;  (ii)  a  hydrocarbon 
membrane  constitutes  only  a  tenuous  barrier,  especially  for  sustaining  water- 
soluble  lipophilic  drugs  ;  (iii)  vesicles  with  rigid  membranes  display  slow  drug 
release  but  do  not  allow  for  modular  drug  release. 

With  the  aim  of  broadening  the  potential  of  liposomes  as  drug  carriers  or  hemo¬ 
globin  containers,  we  have  investigated  the  possibility  of  endowing  the  liposomal 
membrane  with  some  of  the  unique  properties  of  fluorocarbons.  Fluorocarbons  are 
both  highly  hydrophobic  and  lipophobic  phases.  The  creation  of  a  more  hydro- 
phobic  membrane  with  an  internal  lipophobic  barrier  was  expected  to  reduce  its 
permeability  for  certain  drugs  and  modify  its  interactions  with  serum  constituents 

[3]. 

We  have  already  shown  that  perfluoroalkylated  phospholipids  (Figure  2)  form 
highly  stable  liposomes  (F-liposomes)  as  a  result  of  enhanced  hydrophobic  inter¬ 
actions  due  to  the  presence  of  the  perfluoroalkyl  tails  [4].  The  thickness  of  the  lipo¬ 
philic  and  lipophobic  zones  and  their  physical  properties  can  be  modulated  by 
adjusting  the  length  of  the  hydrocarbon  and  fluorocarbon  segments  i.e.  the  value  of 
m  and  n  respectively. 

We  report  herein  our  investigations  on  the  ability  of  liposomes  formulated  with 
fluorinated  phospholipids  to  retain  an  entrapped  drug  model,  5(6)- 
carboxy fluorescein  (CF),  when  these  liposomes  are  incubated  in  a  buffer  or  in 
human  serum. 


MATERIALS  AND  METHODS 

Small  unilamellar  vesicles,  SUVs,  were  prepared  by  sonication  of  the 
appropriate  phospholipids  (25-50  mM)  in  a  100  mM  5(6)-carboxyfluorescein  (CF) 
solution.  They  were  stored  for  12  hours  before  the  non-entrapped  dye  was 
separated  on  a  buffer  equilibrated  gel  (Sephadex  G-50).  The  dispersions  consisted 
of  30-60  nm  vesicles  (95%)  as  measured  by  photon  correlation  spectroscopy 
(Coulter  model  N4  MD).  Fluorescence  experiments  were  performed  with  a  Perkin 
Elmer  LS50B  spectrometer.  The  release  of  the  entrapped  probe,  either  in  human 
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FIGURE  1  :  Fluorinated  bilayer  core  concept 
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n  =  4;m  =  10  F4CU  n  =  6;m  =  4  F6C5  m  =  ll  DLPC  m  =  15  DPPC 

n  =  6;m  =  10  F6C11  n  =  8;m  =  4  F8C5  m  =  13  DMPC  m=17  DSPC 


FIGURE  2  :  Nomenclature  of  the  fluorinated  and  hydrogenated  phospholipids  used 


serum  or  in  a  saline  buffer  (pH  7.5),  was  followed  by  continuous  monitoring  of  the 
fluorescence  signal  (F)  increase  (excitation  480  nm,  emission  520  nm).  The 
maximal  fluorescence,  Fmax,  was  determined  after  lysis  of  the  liposomes  [5]. 
When  possible,  the  CF  leakage  half  time  ti/2  (time  at  which  50%  of  CF  is  still 
encapsulated)  was  determined  by  plotting  the  fraction  of  encapsulated  dye  [=  (Fmax 
-  F)/Fmax]  versus  time.  When  the  kinetic  was  too  slow  to  allow  the  direct 
determination  of  ti/2,  the  linear  portion  of  the  log  of  entrapped  dye  fraction  versus 
time  was  used.  This  slope  (K)  is  related  to  ti/2  by  the  relation  :  ti/2  =  Ln(2)/K. 
Each  experiment  was  performed  in  triplicate. 

RESULTS 

Figures  3a  and  3b  display  the  time  course  release  of  CF  from  SUVs 
prepared  from  the  different  phospholipids  investigated  and  incubated  at  37°C  in  a 
0.15  M  NaCl  /  20  mM  Hepes  buffer  or  in  human  serum. 


Fraction  of  entrapped  CF 
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(a)  buffer  or  (b)  human  serum 


FIGURE  3  :  Release  of  CF  from  SUVs  in 


The  leakage  half-times,  ti/2,  of  CF  from  the  vesicles  are  summarized  in 
Table  L  The  CF  leakage  from  DLPC  and  DMPC  liposomes,  in  buffer  and  serum 
respectively,  was  too  fast  to  allow  the  determination  of  ti/2. 

DISCUSSION 

The  main  objectives  of  this  study  were  to  evaluate  the  impact  of  fluorinated 
tails  on  the  permeability  of  phosphatidylcholine-based  liposomes  and  on  their 
stability  with  respect  to  drug  leakage  in  order  to  explore  their  potential  as  drug 
carriers.  We  have  therefore  examined  the  ability  of  fluorinated  vesicles  to  retain 
encapsulated  CF  when  the  vesicles  are  incubated  either  in  a  biological  buffer  or  in 
human  serum  at  37°C.  CF,  which  is  often  utilized  to  study  non-permeable 
membranes,  was  chosen  as  a  water-soluble  drug  model, 

F-Liposome  stability  in  a  physiological  buffer.  Our  results  show  that  the 
vesicles  formulated  with  the  perfluoroalkylated  phosphatidylcholines,  when 
incubated  in  a  physiological  buffer  at  37°C,  retain  their  entrapped  content 
significantly  more  than  any  of  their  hydrogenated  counterparts,  including  EPC/CH 
liposomes  which  are  among  the  most  efficient  liposome  formulations  known  so  far. 
The  higher  stability  of  the  fluorinated  vesicles  with  respect  to  CF  release  is 
illustrated  by  their  CF  leakage  half-times,  ti/2,  which  are  in  the  27  to  66  h  range 
while  the  ti/2  of  the  hydrogenated  ones  are  in  the  0.3  to  28  h  range  (Table  I).  These 
results  demonstrate  that  vesicles  made  from  fluorinated  phospholipids  exhibit  much 
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TABLE  I :  CF  leakage  half  times,  ti/2,  from  SUVs  at  ^TC  in  a  0.15  M  NaCl  /  20 
mM  Hepes  buffer  or  in  human  serum. 

Compound  F6C5  F8C5  F4C11  F6C11  DMPC  DSPC  EPC*^  EPC/CH^ 

ti/2(SD,h)a  81  (4)  28(8)  81  (8)  62(3)  0.3  (0.1)  9.6(2)  13.0  (0.8)  33  (8) 

in  buffer 

ti/2(SD,h)a  0.66  (0.06)25(3)  3.6  (0.1)  166(20)  -  19.3  (0.6)0.12(0.02)  35.2  (0.8) 

in  serum 

ti/2(serum)/  0.008  1  0.045  2.7  -  2  0.009  1.06 

ti/2  (buffer) 

a)  SD  :  standard  deviation  ;  b)  EPC  :  egg  phosphatidylcholines  ;  c)  1/1  (M). 


lower  membrane  permeability  than  vesicles  made  from  hydrogenated  analogs, 
regardless  of  the  length  of  the  hydrophobic  chains  and  of  the  physical  state,  gel  or 
fluid,  of  the  liposomal  membrane.  It  is  particularly  noteworthy  that  F6C5,  which 
possesses  the  shortest  chains  (11  carbon  atoms)  among  the  fluorinated 
phospholipids  investigated,  is  considerably  less  permeable  (at  least  15,000  times) 
than  DLPC  liposomes  (12  C).  It  is  even  6  times  less  permeable  than  DSPC  (18  C) 
which,  among  the  hydrogenated  membranes,  exhibits  the  lowest  permeability.  The 
membrane  permeability  of  F6C5  is  as  low  as  that  of  F4C11  and  F6C11  which 
possess  even  longer  hydrophobic  chains. 

It  has  been  shown  for  the  hydrogenated  phospholipids  that  reducing  the  length 
of  their  hydrophobic  chains  results  in  an  increase  in  membrane  permeability  [2]. 
Our  results  are  in  apparent  contradiction  with  this  model.  Diffusion  across  the 
membrane  does,  indeed,  remain  unmodified  when  going  from  F4C11  to  F6C5, 
(hence  when  shortening  the  overall  chain  length)  but  this  occurs  because  the 
fluorinated  tail  length  is  increased.  This  result  merely  indicates  that  a  C6F13  tail 
produces  a  stronger  impermeabilization  effect  than  a  C4F9  one.  It  was  therefore 
expected  that  a  CgFn  chain  would  produce  an  even  stronger  impermeabilization 
effect.  We  found,  on  the  contrary,  that  F8C5  vesicles,  exhibit  the  lowest  CF 
leakage  ti/2  value  of  the  the  fluorinated  vesicles.  As  shown  elsewhere,  this 
compound  forms  a  lamellar  phase  which,  at  37°C,  is  in  a  semi-gel  semi-fluid  state 
[6].  When  the  vesicles  are  incubated  at  37°C,  the  fluorinated  core  is  in  a  fluid  state 
while  the  hydrocarbon  spacers  are  still  rigid  and  strained.  This  is  likely  to  generate 
packing  defects  which  may  account  for  the  higher  permeability  of  the  F8C5 
membrane. 
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F-Liposome  stability  in  human  serum.  Serum  is  among  the  biological 
fluids  known  to  induce  the  strongest  destabilization  effects  on  liposomes  [2].  Our 
results  show  that  serum  destabilizes  the  liposomes  whose  membranes  are  in  the 
fluid  state  at  37°C.  This  is  the  case  for  F6C5,  F4C11  [6],  DMPC,  and  EPC  :  the 
CF  leakage  is  indeed  considerably  increased  when  going  from  buffer  to  serum  as 
shown  in  table  I  by  the  ratios  of  serum  to  buffer  ti/2,  which  are  much  lower  than  1. 
The  CF  release  from  F6C5  and  F4C11  vesicles  in  serum  remains,  however, 
considerably  lower  than  that  from  DMPC  and  EPC  vesicles.  It  also  appears  that  the 
CF  leakage  from  fluorinated  vesicles  is  less  affected  by  the  serum  components,  as 
shown  by  the  higher  tl/2  ratio  of  F4C1 1,  when  compared  to  that  of  EPC.  This 
most  probably  indicates  that  the  fluorinated  core  inside  the  liposomal  membrane 
protects  the  vesicles  against  the  destabilization  effects  of  blood  serum. 

On  the  other  hand,  liposomes  whose  membranes  are  in  the  gel  state  at  37®C,  i.e. 
those  of  F6C11  [6]  and  DSPC,  are  found  to  be  more  stable  in  serum  than  in  the 
physiological  buffer,  as  expressed  by  ti/2  ratios  larger  than  1.  The  most  stable 
vesicles  are  those  formulated  with  the  fluorinated  phospholipid  F6C11.  The  CF 
leakage  from  these  vesicles  is  almost  4.7  times  lower  than  that  from  the  EPC/CH 
liposomes,  while  it  is  only  about  2  times  lower  in  buffer.  This  indicates  that  in  the 
presence  of  serum,  the  fluorinated  core  inside  the  membrane  improves  the  retention 
of  the  dye  even  when  the  membrane  is  in  the  gel  state.  It  is  also  noteworthy  that  the 
ti/2  values  of  F8C5  vesicles  are  similar  in  serum  and  in  buffer.  Furthermore,  these 
vesicles  were  found  to  be  much  less  leaky  in  serum  than  the  F6C5  and  F4C11 
vesicles.  This  most  likely  arises  from  the  fact  that  the  F8C5  is  in  a  semi-gel  state  at 
37°C  [6],  It  should  also  be  mentioned  that  F8C5  and  DSPC  vesicles  show 
comparable  stability. 
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ABSTRACT 

The  use  of  neat  perfluorochemical  liquid  (PFC)  as  an  alternative 
respiratory  medium  has  gained  increasing  attention  for  assessment  and 
treatment  of  the  immature  or  injured  lung,  in  vitro  and  in  yiyo  plain  film  and 
computed  tomographic  (CT)  studies  were  performed  on  small  and  large 
animals  to  evaluate  the  use  of  perfluorooctylbromide  (perflubron)  as  a 
bronchographic  contrast  agent  and  to  quantitate  the  distribution  and  elimi¬ 
nation  of  this  fluid  from  the  lung  following  total  liquid  ventilation  or  during 
gas  breathing  after  trachea!  instillation  of  small  quantities  of  this  liquid.  The 
results  demonstrate  the  utility  of  a  highly  radiopaque  PFC  liquid  in  combi¬ 
nation  with  diagnostic  imaging  techniques  to  visualize  small  airways 
anatomy,  identify  regional  and  gravity  dependent  differences  in  distribu¬ 
tion/elimination  of  the  fluid,  ventilation,  and  track  PFC  liquid  following 
therapeutic  application. 


INTRODUCTION 

Perfluorochemical  (PFC)  liquids  have  gained  increasing  attention  for 
assessment  and  management  of  restrictive  pulmonary  dysfunction  (see 
Shaffer  et.  al.  in  these  proceedings).  Because  of  low  surface  tension  and 
high  respiratory  gas  solubility,  PFC  liquids  support  homogenous  insuffla¬ 
tion  of  the  lung  at  lower  alveolar  pressures,  pulmonary  gas  exchange, 
improved  distribution  of  biological  agents  and  ventilation/perfusion  match- 
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ing  relative  to  gas  ventilation  of  the  immature  or  injured  lung  [1-16].  These 
fluids  are  inert,  non-biotransformable,  and  vaporized  through  the  lung; 
perflubron  (perfluorooctyl  bromide)  is  also  radiopaque  [17].  As  such,  per- 
flubron  provides  a  potential  adjunct  in  diagnostic  imaging  to  evaluate 
pulmonary  structure-function  relationships  without  intrinsic  problems  related 
to  existing  contrast  agents  [18]  and  may  be  tracked  during  total  liquid  venti¬ 
lation  (LV),  gas  breathing  after  tracheal  instillation,  or  following  other  thera¬ 
peutic  applications.  Unique  characteristics  such  as  the  presence  of  bro¬ 
mine  atoms,  molar  percentage  of  fluorine,  absence  of  hydrogen  atoms, 
low  sound  speed  and  acoustic  attenuation  distinguish  the  relative  utility  of 
RFC  liquids  in  conventional  x-ray,  computed  tomography  (CT), 
magnetic  resonance,  and  ultrasound  imaging  techniques  [19-  25].  In  vitro 
and  lo  vivo  studies  were  performed  in  animals  to  evaluate  the  use  of  a 
highly  radiopaque  neat  RFC  liquid,  perflubron,  as  a  high  resolution  com¬ 
puted  tomographic  (HRCT)  bronchographic  contrast  agent  and  to  qualita¬ 
tively  and  quantitatively  evaluate  the  distribution  and  sequential  elimination 
of  this  fluid  from  the  lung  by  multi-modal  imaging  techniques. 

METHODS  AND  MATERIALS 

Perfluorochemical  Liquid:  Neat  perflubron  (perfluorooctyl  bromide: 
LiquiVent  Alliance  Rharm.  Corp.)  was  utilized  in  all  studies. 
imaainq:  CT  images  were  obtained  on  a  GE  9800  HiLight  Advantage  CT 
scanner  using  1.5  mm  collimation,  high-spatial-frequency  reconstruction 
algorithm,  2  sec  scan  time,  and  kVp/Ma  of  120/170.  Control  images  were 
filmed  at  windows  of  900  and  levels  of  -550;  extended  window  settings 
were  used  for  the  RFC  contrast  scans.  A  minimum  of  10  sections  were 
obtained.  Image  analysis  and  densitometry  algorithms  based  on  tissue 
thickness,  pixel  dimensions  and  respective  Hounsfield  numbers  were  used 
to  quantitate  gas,  RFC,  and  soft  tissue  volumes  of  representative  sections 
for  sequential  studies.  Conventional  CT  scanning  used  10  mm  collimation 
and  lung  window  settings.  Conventional  radiographs  were  obtained  with 
General  Electric  MS-850  Fluoricon  300  at  settings  of  100  Ma,  70  kV,  .005 
sec. 

in  Vitro  Study:  A  3  day  old,  3  kg  mechanically  gas  ventilated  neonatal 
lamb  was  sacrificed  with  sodium  pentobarbital  overdose  and  KCL.  The 
lungs  and  heart  were  removed  en  bloc,  floated  in  a  saline  bath,  and 
mechanical  gas  ventilation  was  continued.  HRCT  imaging  was  performed 
at  end  inspiration  (30  cm  H2O)  before  and  after  intratracheal  instillation  of 
the  RFC  liquid  (10  ml/kg).  The  lungs  were  inverted  and  rotated  to  promote 
liquid  distribution. 
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In  Vivo  Studies:  Study  1:  A  125  day  gestation  preterm  lamb  was  delivered 
by  cesarean  section  and  mechanically  gas  ventilated  for  4  hrs.  Exogenous 
surfactant  was  administered  at  1  hr  of  life  and  a  bolus  of  RFC  liquid  (30 
ml/kg)  was  delivered  at  2  hrs  of  life.  The  ventilatory  profile  was  changed 
based  on  arterial  blood  chemistry  and  pulmonary  mechanics  measure¬ 
ments  and  optimized  to  support  arterial  oxygenation  and  carbon  dioxide 
elimination.  Ventilatory  pressures  were  limited  to  a  maximum  of  35  cm  H2O 
on  inspiratory  and  5  cmH20  positive  end  expiratory  pressure;  the  animal 
was  rotated  every  15-30  minutes.  Plain  film  imaging  was  performed  at  4  hrs 
of  life  at  end  inspiratory  pressure.  Study  2:  An  adult,  425  gm  rat  was  anes¬ 
thetized  (50  mg/kg  IP  sodium  pentobarbital)  and  a  tracheal  cannula  was 
secured  through  a  tracheotomy  following  local  anesthesia  (4  mg/kg;  .50% 
lidocaine).  The  rat  was  mechanically  gas  ventilated  to  maintain  physiologic 
gas  exchange  and  acid-base  conditions.  HRCT  imaging  was  performed 
during  mechanical  gas  ventilation  at  1  and  30  min  following  bolus  tracheal 
instillation  (30  ml/kg)  of  the  PFC  liquid.  The  animal  was  rotated  and  gentle 
thoracic  manipulation  was  used  to  assist  liquid  distribution.  Study  3:  A  15 
kg,  4  wk  old  weanling  sheep  was  anesthetized  (IP:  30  mg/kg  sodium 
pentobarbital)  and  a  modified  35  Fr  double  balloon-cuffed  bifurcated 
bronchocatheter  was  secured  through  a  tracheotomy  under  local  anesthe¬ 
sia  (4  mg/kg,  0.50%  lidocaine).  The  proximal  lumen  was  positioned  to 
isolate  the  right  cranial  apical  (RCA)  lobe  as  spontaneous  breathing  con¬ 
tinued.  Isolation  was  assessed  by  pressure  maintainance  and  independent 
flow  profiles  measured  by  pneumotachography.  The  RCA  lobe  was  insuf¬ 
flated  with  90  ml  of  oxygenated  (Fi02  =  1)  and  warmed  (38°C)  PFC  liquid. 
Lobar  LV  (tidal  volume  =  90  ml,  frequency  =  5  br/min)  was  maintained  for 
a  total  of  64  minutes.  During  this  time  the  inspired  liquid  temperature  was 
ramped  to  a  maximum  of  43.5°C  for  30  mins,  and  returned  to  body 
temperature  for  the  duration  of  the  lobar  liquid  ventilation.  Liquid  above  the 
intially  instilled  volume  was  passively  drained;  the  lobe  was  then  mechani¬ 
cally  gas  ventilated  (inspiratory  pressure  =  20  cmH20;  end-expiratory 
pressure  =  5  cmH20;  frequency  =  30  br/min)  for  10  mins.  The  trachea 
and  skin  were  closed  as  the  animal  was  extubated  and  supported  with  50% 
oxygen  delivered  by  nasal  cone  for  20  mins.  Post-surgical  management 
Included  systemic  and  local  antibiotics,  and  analgesics;  aggressive  chest 
physical  therapy  with  repositioning  was  performed  every  30  mins  until  full 
quadriped  mobility  was  regained  (by  5  hrs).  Sequential  plain  films  and  CT 
imaging  was  performed. 


RESULTS 

in  Vitro  Study:  HRCT  images  before  and  after  tracheal  instillation  of  per- 
flubron  in  the  neonatal  lamb  lung  are  shown  in  fig  1 .  In  comparsion  to  .pa 
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FIGURE  1:  HRCT  image  of  isolated  in  yitrQ  neonatal  lamb  lung  before  ( R ) 
and  after  (  B  )  tracheal  instillation  of  10  ml/kg  of  perflubron.  Short  thick 
arrow:  thickened  interstitium  around  central  bronchus;  opened  short 
arrow:  air:ftuid  level,  note  lack  of  bronchial  wall  coating  in  unopacified 
portion;  short  small  arrows:  opacified  pulmonary  lobule  with  entral  high 
density  representing  perflubron  filled  centrilobular  brnchial.  Diffuse  punc¬ 
tate  and  linear  high  densities  represent  multiple  small  airways  at  varying 
obliquity  with  the  plane  of  imaging. 
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control  images,  images  of  central  bronchi  following  PFC  instillation  reveal 
air-contrast  levels  without  evidence  of  contrast-coating  of  unopacified  or 
partially  filled  bronchi.  PFC  filling  and  distension  of  centrilobar  bronchioles 
defined  branching  tubular  structures  leading  to  pulmonary  lobules, 
branches  of  centrilobular  bronchioli,  and  margins  of  subtended  lobules 
were  noted  by  ground-glass  opacification  of  the  air  spaces, 
in  Vivo  Studies:  Study  V.  Plain  film  radiographs  of  the  preterm  at  4  hrs  of 
age  are  shown  in  figure  2.  The  anterior-posterior  supine  view  reveals 
generalized  opacification  of  the  lung  with  diffuse  air  bronchograms  identify¬ 
ing  much  of  the  central  bronchial  tree.  The  cross  table  supine  lateral  view 
shows  greater  density  posteriorlly  and  peripherally,  minimal  airway  opacifi¬ 
cation,  and  evidence  of  a  right-sided  anterior  pneumothorax.  Study  2: 
HRCT  images  of  the  mechanically  gas  ventilated  rat  sequentially  following 
instillation  of  the  PFC  liquid  are  shown  in  figure  3.  Immediately  following 
instillation,  images  demonstrate  diffuse  patchy  consolidation  with  evidence 
of  PFC  liquid  and  soft  tissue  density.  There  was  combined  peripheral  and 
gravity  dependent  distribution  of  the  liquid  with  relative  sparing  around  the 
central  airways  and  no  clear  evidence  of  the  PFC  liquid  in  the  main  bronchi. 
The  most  prominent  PFC  densities  appeared  posteriorlly,  laterally,  and 
adjacent  to  the  pleura!  surfaces.  By  30  mins  there  was  evidence  of  partial 
clearing  of  the  PFC  liquid  from  all  lobes  of  the  lung;  clearing  was  more 
prominently  seen  centrally  and  anteriorly  as  compared  to  the  perpihery. 
The  densitometry  histograms  (not  shown  for  brevity)  show  a  left  and 
downward  shift  corresponding  to  decreasing  perflubron  and  increasing 
gas  volume.  Quantitation  by  densitometry  indicated  a  45%  overall  density 
decrease  in  a  selected  slice  volume  by  approximately  30  mins  following 
instillation  of  PFC.  Study  3:  Sequential  plain  film  radiographs  and  CT 
images  of  the  weanling  sheep  following  lobar  LV  are  shown  in  figure  4.  Day 
1  plain  films  revealed  dense  consolidation  of  the  RCA  lobe  with  dependent 
predominance  and  outlining  of  the  visceral  pleural  surface.  By  day  2,  there 
was  significant  clearing  of  the  apical  segment  with  residual  dense  consoli¬ 
dation  of  the  caudal  segment  of  this  lobe.  The  apical  segment  continued 
to  clear  and  persistent  radiodensity  was  noted  in  the  caudal  segment  by  49 
days.  CT  images  on  day  14  showed  clearly  outlined  fissures  demarcating 
the  RCA  from  the  cardiac  lobe  at  the  most  inferior  caudal  aspect  of  the 
RCA  lobe.  The  apical  crania!  bronchus  was  well  visualized  departing  from 
the  main  trachea  leading  directly  into  the  largest  area  of  density  (image  not 
shown  for  brevity).  Consolidation  of  the  caudal  segment  of  the  RCA  lobe 
was  quantitated  and  found  to  be  consistent  with  high  density  equivalent  to 
the  PFC  in  Houndsfield  units.  No  significant  interval  change  in  appearance 
was  noted  on  CT  images  between  days  14  and  37. 


FIGURE  2:  Plain  film  anterior-posterior  ( A  )  and  cross  table  lateral  (  B  )  in 
vivo  radiographs  of  a  supine  preterm  iamb. 
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FIGURE  3:  Sequential  in  vivo  HRCT  images  of  the  same  section  of  rat  lung 
at  1  (f\)  and  30  mins  {  B  )  following  tracheal  instillation  of  30  ml/kg  per- 
flubron. 


1416 


WOLFSON  ET  AL. 


FIGURE  4:  Sequential  plain  film  radiographs  (day  6  [  ]  and  49  [  B  ]) 

and  CT  image  (day  14;  C  )  of  the  weanling  lamb  following  liquid  ventila¬ 
tion  of  the  right  cranial  apical  lobe. 


DISCUSSION 

While  CT  and  HRCT  have  advanced  diagnosis  of  airway  abnormali¬ 
ties,  differentiation  of  small  airway  disease  is  still  limited.  Radiologic  insight 
to  this  disease  may  be  gained  indirectly  via  an  enlarged  centrilobular  dot; 
however,  this  finding  is  nonspecific  [26].  In  this  study,  the  combination  of 
HRCT  and  tracheal  instillation  of  perflubron  allowed  direct  visualization  of  the 
centrilobular  bronchioles  and  beyond  in  the  lung  of  a  neonatal  lamb. 
Access  to  these  structures  is  presumably  related  to  the  low  surface  tension 
and  density  of  the  fluid  enabling  position-related  filling  of  airways  and  alveo¬ 
lar  spaces.  Instillation  of  small  volumes  prevented  overflow  and  obscuring 
of  bronchiolar  anatomy.  As  there  was  no  evidence  of  the  neat  liquid  coat¬ 
ing  airways,  definition  of  airways  extending  beyond  the  centrilobar  bronchi 
was  related  to  filling.  Resolution  of  bronchopulmonary  architecture  was 
effected  by  respiratory  frequency  as  evidenced  by  the  relatively  finer  delin¬ 
eation  of  segmental  airways  in  the  slower  breathing  weanling  sheep  as 
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compared  to  the  rat;  more  refined  CT  technology  is  needed  to  extend 
imaging  precision  across  respiratory  patterns.  Previous  plain  film  radiogra¬ 
phy  studies  following  tracheal  instillation  of  neat  and  emulsified  perfiubron 
have  reported  radiopacification  of  the  alveolar  compartment  by  neat  per¬ 
fiubron  and  of  tracheobronchial  tree  components  by  emulsified  perfiubron 
[19].  Whereas  tracheally  instilled  perfiubron  emulsions  may  coat  the  airway 
and  provide  enhanced  radiodensity  for  plain  film  techniques,  dependence 
on  mucociliary  mechanisms  for  clearance  may  be  problematic  for  patients 
with  pre-exisiting  pulmonary  dysfunction.  In  contrast,  because  perfiubron  is 
cleared  primarily  by  vaporization,  the  present  findings  suggest  that  HRCT 
imaging  with  tracheally  instillated  neat  perfiubron  provides  a  modality  to 
evaluate  small  airways  without  additional  pulmonary  compromise. 

We  have  also  demonstrated  the  need  for  multi-modal  imaging  tech¬ 
niques  to  define  the  anatomical  distribution  and  elimination  patterns  of 
tracheally  instilled  perfiubron.  Comparison  of  plain  film  views  differentiated 
an  apparent  relative  homogeneous  to  a  largely  peripheral  and  gravity- 
dependent  distribution  pattern.  CT  images  expanded  this  profile  to  identify 
migration  of  fluid  along  the  pleural  margins  and  related  the  distribution  to 
segmental  bronchial  anatomy.  Plain  film  radiography  is  helpful  in  qualita¬ 
tively  describing  elimination  of  neat  perfiubron  from  the  lung  but  combined 
techniques  are  required  to  quantitatively  assess  regional  retention  and 
elimination.  Whereas  plain  films  indicated  comparatively  little  clearing  of 
neat  perfiubron  from  the  periphery,  sequential  HRCT  images  identified 
central  as  well  as  peripheral  clearance  patterns.  CT  imaging  enabled  quanti¬ 
tative  assessment  of  the  clearance  pattern  through  sequential  gas  and 
perfiubron  volume  calculations.  Progressively  smaller  areas  of  radiodensity 
on  sequential  plain  film  studies  provided  qualitative  assessment  of  neat 
perfiubron  clearing  from  an  isolated  lobe;  however,  CT  imaging  was  re¬ 
quired  to  identify  specific  areas  of  clearance,  quantitate  changes  in  gas 
and  perfiubron  volume,  and  relate  these  areas  to  segmental  anatomy. 

These  studies  extend  the  potential  clinical  utility  of  neat  perfluborn 
liquid  in  the  lung.  Perfiubron  enhanced  HRCT  provides  a  relatively  non- 
invasive  method  of  assessing  regional  ventilation  by  simultaneous  delinea¬ 
tion  of  structural  integrity  out  to  the  alveolar  compartments  and  quantita¬ 
tion  of  respiratory  media  (ie.  gas  and  perfiubron).  Other  aspects  of  perfluo- 
rochemicals  make  it  a  desirable  medium  for  MRI  oxygen  mapping  in  the 
lung  [21].  The  combination  of  HRCT  for  structural  analysis  and  MRI  for 
metabollic  tracking  offers  promise  for  non-invasive  assessment  of  regional 
ventilation  and  perfusion  in  the  lung, pulmonary  structure-function  relation¬ 
ships  for  the  diagnosis  and  treatment  of  pulmonary  dysfunction. 
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ABSTRACT 

Novel  emulsions  containing  iodinated  fluorinated  radiopaque  (IFR)  molecules  were 
prepared  and  evaluated  as  injectable  contrast  agents  with  prolonged  intravascular 
persistence.  Various  stable  IFR/egg  yolk  phospholipid  emulsions  were  produced, 
heat-sterilized,  and  tested  as  to  their  radiopacity,  shelf-stability  and  in  vivo 
tolerance.  No  significant  change  in  mean  particle  sizes  was  observed  over  a  3- 
month  storage  period  at  40°C.  Intravenous  injection  of  an  emulsion  of  a  0.39  g/kg 
bw  dose  of  a  typical  IFR,  C6Fi3CH=CIC6Hi3  (F6H6IE)  in  rabbits  led  to  high 
contrast  in  the  liver  and  spleen.  The  same  radiopacity  of  the  liver  was  achieved  with 
7  times  less  IFR  than  perfluorooctyl  bromide.  Histological  examination  after  24  h, 
and  blood  analysis  after  24,  48  h  and  7  days,  demonstrated  normal  functioning  of 
the  liver,  even  when  high  concentrations  of  IFR  were  present.  The  neat  IFR  was 
tolerated  i.p.  in  mice  at  a  45  g/kg  bw  dose.  Emulsified  IFR  was  tolerated  in  rats 
and  mice  i.v.  at  a  8  g/kg  bw  dose.  The  iodinated  fluorinated  molecule  tested 
appears  promising  for  the  formulation  of  new  contrast  agents  for  diagnosis. 
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INTRODUCTION 

The  contrast  agents  generally  used  with  diagnostic  modalities  such  as 
conventional  X-ray  or  computed  X-ray  tomography  are  either  hydrosoluble  or 
lipidic.  Hydrosoluble  agents,  which  are  mostly  iodinated  compounds  of  high  or 
low  osmolality,  have  a  short  intravenous  persistence  due  to  their  rapid  diffusion  in 
the  tissues.  The  time  available  for  examination  is  therefore  short,  and  repeated 
injections  are  often  necessary  [1,2].  Moreover,  water-soluble  iodinated  contrast 
agents  are  not  adapted  to  every  type  of  diagnosis  ;  their  elimination  by  the  kidneys, 
for  example,  precludes  their  use  for  hepatic  diagnosis.  Side  effects  such  as 
anaphylactic  reactions  or  cardiovascular  complications  have  been  observed  with 
such  agents  [3,  4]. 

Lipidic  iodinated  contrast  agents  such  as  Lipiodol®[5]  or  EOE-13  [6,7] 
have  been  developed  specifically  for  imaging  the  hepatic  system,  but  they  present 
stability  problems.  The  lipiodol  emulsion,  for  instance,  must  be  prepared 
immediately  before  use  and  cannot  be  injected  intravenously  [8].  The  iodinated 
fluorinated  oils  studied  so  far  are  too  toxic  for  use  in  vivo  [9]. 

Brominated  perfluorocarbon-based  contrast  agents  such  as  Imagent®  BP 
(Alliance  Pharmaceutical  Corp.,  San  Diego,  USA)  have  essentially  overcome  these 
problems  [10-14].  However,  their  radiopaque  constituent,  perfluorooctyl  bromide 
(perflubron),  contains  bromine,  which  has  a  significantly  lower  opacity  to 
radiations  than  does  iodine.  The  finding  of  inert,  biocompatible  iodinated  oils  was 
desirable  to  further  extend  the  range  of  applications  of  such  materials  in  diagnosis 
and  reduce  the  dose  needed  for  obtaining  suitable  contrast  [6, 7]. 

This  paper  deals  with  stable  emulsions  of  a  non-toxic  iodinated  fluorinated 
radiopaque  (IFR)  oil,  utilizable  as  i.v.  injectable  contrast  agents  with  prolonged 
intravascular  persistence. 


MATERIALS  AND  METHODS 

Emulsions  :  One  particular  IFR,  C6Fi3CH=CIC6Hi3  (F6H6IE),  was  selected 
for  this  study  from  a  range  of  highly  fluorinated  molecules  having  an  internally 
located  iodine  atom.  A  diluted  emulsion  ((20  %  v/v.  Emulsion  I)  and  a  concentrated 
emulsion  (47  %  v/v.  Emulsion  II)  of  this  compound  and  a  perflubron  reference 
emulsion  (47%  v/v.  Emulsion  R)  were  prepared  by  microfluidization  [8]  (TABLE 
I).  The  emulsions  were  sterilized  under  standard  conditions  (121°C,  15  min,  15 
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TABLE  I :  Detailed  composition  of  the  emulsions  used  in  this  study. 


Composition 

Emulsions 

I  II  R 

%  F6H6IE  v/v  (w/v) 

20  (34) 

47  (77) 

%  Perflubron  v/v  (w/v) 

- 

- 

47  (90) 

EYP 

6 

4 

4 

NaCl 

0.88 

0.55 

0.55 

EDTANa2,2H20 

0.06 

0.039 

0.039 

NaH2P04,2H20 

0.192 

0.12 

0.12 

Na2HP04,12H20 

1.488 

0.93 

0.93 

a-Tocophcrol 

0.006 

0.004 

0.004 

H2O  for  injection 

SQ  100  ml 

SQ  100  ml 

SQ  100  ml 

pH  post  sterilization 

7.2 

7.3 

7.2 

Osmolarity 

311 

348 

350 

Viscosity  coef  (cp) 

6.1 

17.8 

12.2 

psi).  The  pH,  osmolarity  and  viscosity  coeficient  were  determined  (TABLE  I),  and 
the  mean  particle  sizes  were  monitored  by  photosedimentation  during  ageing  at 
40°C  for  several  months  (TABLE  II). 

Radiopacity  measurements  :  All  opacity  measurements  were  made  with  a 
Philips  Tomoscan  LX  120  Kv,  175  mA  apparatus. 

Neat  IFR  :  The  opacity  to  X-rays  of  neat  IFR  was  determined  by  analysing  a 
0.34  M  solution  of  IFR  in  hexane. 

Emulsified  IFR  :  The  IFR  emulsions  were  tested  for  radiopacity  in  ca  1  kg  New 
Zealand  rabbits.  The  animals  were  held  in  a  box  and  injected  via  the  ear  vein 
without  prior  anesthesia.  Four  groups  of  3  animals  each  were  injected  respectively 
with  0.5  and  3  ml/kg  bw  of  emulsion  II,  1.5  ml/kg  bw  of  emulsion  I,  and  3  ml/kg 
of  emulsion  R  (control  group)  respectively.  After  administration  of  the  emulsions, 
the  density  values  of  the  liver  and  spleen  were  measured  at  24  and  48  hours.  CT 
examinations  were  carried  out  while  the  animal  was  held  in  a  box.  After  localizing 
the  scan,  the  abdomen  was  scanned  using  a  slice  thickness  of  5  mm  and  an  interval 
of  7  mm.  The  scan  time  was  1.2  second.  A  first  series  of  5  animals  was  scanned 
before  injection  of  the  contrast  material  and  a  mean  value  of  the  density  of  their 
liver  and  spleen  was  determined  to  serve  as  a  baseline.  For  the  same  animal,  the 
average  density  of  4-5  liver  and  spleen  slice  scans  was  established.  A  mean  value 
was  measured  for  the  3  injected  animals  in  each  group.  The  values  are  expressed  in 
Hounsfield  units  (HU)  ±  SEM. 
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TABLE  II :  Average  particle  sizes  of  IFR  emulsions  after  ageing  at  40°C  (p.m+10%) 


Emulsion  Composition 

Average  particle  sizes 

%  v/v 

before  after 

sterilization  sterilization  30  days  60  days  90  days 

I  20 

n  47 

R  47 

0.08  0.20  0.21  0.19  0.23 

0.08  0.39  0.47  0.43 

0.09  0.12  0.22  0.23  0.26 

Biological  Tolerance  : 

Neat  IFR  :  the  tolerance  of  neat  IFR  was  estimated  by  intraperitoneal 
injection  of  10  mice  at  a  dose  of  25  ml/kg  bw. 

IFR  emulsions  :  2  groups  of  10  SPF  OFA  Sprague  Dawley  rats  {ca 
200g)  were  injected  intravenously  (tail  vein,  0.7  ml/min)  with  :  1)  10  ml/kg  bw  of 
emulsion  II  (7.7  g/kg  bw  of  neat  IFR) ;  2)  20  ml/kg  bw  of  emulsion  I.  The  latter 
was  also  tested  in  10  OFl  male  mice  {ca  20  g)  at  a  25  ml/kg  bw  (8.5  g/kg  of  IFR). 
Blood  Analysis  :  Four  groups  of  3  rabbits  were  injected  either  with  IFR 
emulsions  I  or  II,  or  with  the  perflubron  emulsion  R  (3  ml/kg  bw  dose)  ;  and  3 
animals  were  taken  as  a  control  groups.  Hematologic  analyses  were  performed 
after  24,  48  h  and  7  days. 

Histology  :  After  injection,  the  rabbits  were  anesthesized  and  sacrificed.  The  liver 
and  spleen  were  removed  and  fixed  in  Boin’s  fluid,  then  embedded  in  paraffin,  cut 
in  5  M-m  slices  and  stained  with  hematoxylin,  eosine  and  saffron  for  histologic 
examination. 

RESULTS 

Both  IFR  emulsions  could  be  heat-sterilized  without  pH  variation. 
Sterilization  resulted  in  an  increase  in  average  particle  size,  after  which  particle  sizes 
remained  essentially  constant  during  a  3  months  ageing  period  at  40°C  (TABLE  II). 

The  in  vitro  opacity  of  the  F6H6IE  solution  was  4  times  higher  than  that  of 
perflubron  for  the  same  molar  concentration. 

Intravenous  injection  into  rabbits  of  3  ml/kg  bw  of  the  perflubron  emulsion 
R  (2.7  g/kg  bw  of  perflubron)  led  to  a  contrast  enhancement  of  39+2  HU  (34+7 
HU)  in  the  liver  and  33±4  HU  (32±1  HU)  in  the  spleen  after  24  hours  (48  h). 
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Liver 


I 


II 


FIGURE  1  :  Enhancement  of  the  radiopacity  of  liver  and  spleen  after  injection  of 
1.5  ml/kg  bw  of  emulsion  I  (a,  b),  ^  ,  0.5  ml/kg  bw  of  emulsion  II  (c,  d), 

compared  to  3  ml/kg  bw  of  perflubron  emulsion  R,  ^ 


Administration  of  F6H6IE  emulsion  I  (1.5  ml/kg  bw,  0.5  g/kg  of  F6H6IE) 
led  to  an  equivalent  enhancement  after  24  hours  in  the  contrast  of  the  liver  (34±8 
HU),  and  a  higher  contrast  of  the  spleen  (46±11  HU),  when  compared  with  the 
perflubron  emulsion  injected  at  a  cfl  5  times  higher  dose  (3  ml/kg  bw,  2.7  g/kg  of 
perflubron)  (Figures  1  a,  b). 

Comparable  or  better  contrast  was  obtained  24  h  after  injection  of  only  0.5 
ml/kg  bw  of  F6H6IE  emulsion  II  (0.39  g/kg  of  IFR,  Figures  1  c,  d). 

Figure  2  compares  the  contrast  obtained  in  the  liver  and  spleen  after 
injection  of  the  perflubron  emulsion  (3  ml/kg  bw,  2.7  g/kg  of  perflubron),  and  of  a 
7  times  smaller  dose  (0.39  g/kg  bw  of  IFR)  of  IFR  emulsions  II,  as  determined  by 
computed  tomography  (CT). 

All  the  animals  survived  after  injection  of  1)  neat  F6H6IE  intraperitoneally 
(45  g/kg  bw)  or  2)  emulsified  F6H6IE  intravenously  (emulsion  I  and  II,  8  g/kg  bw 
of  IFR). 

Blood  analysis  showed  that  the  amounts  of  bilirubine,  alkaline  phosphatase 
and  Y  GT  were  comparable  to  those  found  in  control  animals  (TABLE  III).  The 
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FIGURE  2:  Computed  tomography  of  the  liver  and  spleen  of  rabbits  after  injection 
of  a)  F6H6IE  emulsion  II  at  0.5  ml/kg  bw  (0.39  g/kg  bw  of  F6H6IE)  and  b) 
perflubron  emulsion  R  (3  ml/kg  bw,  2.7  g/kg  bw  of  perflubron). 


TABLE  III  :  Results  of  the  rabbits’  blood  analysis  after  injection  of  the  IFR 
emulsion  II  and  the  perflubron  emulsion  R. 

Time  Control  perflubron  (Em  R)  F6H6IE  (Em  II) 
3ml/kg  0.5ml/kg 


Gamma-GT 

24  h 

16.3 

11 

17 

48  h 

17 

18.7 

7  days 

21 

16 

Alkaline 

24  h 

142 

113 

154 

phosphatase 

48  h 

114.6 

144 

7  days 

103 

148 

24  h 
48  h 


Bilirubin 


7  days 


5.4 


9.3 
14 

3.3 


5 

7 

5 
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FIGURE  3:  Histology  of  the  rabbit's  spleen  24  h  after  injection  of  Emulsion  II  at  a 
3  ml/kg  bw  dose. 


histologic  examination  of  the  liver  and  spleen  24  hours  after  i.v  injection  of  3  ml/kg 
bw  of  the  F6H6IE  Emulsion  II  to  rabbits  showed  the  presence  of  frothy  histiocytes 
(Figure  3). 


DISCUSSION 

The  IFR  compound  tested,  C6Fi3CH=CIC6Hi3  (F6H6IE),  displays  4  and 
7  times  higher  radiopacity  than  perflubron  in  vitro  and  in  vivo,  respectively. 
Maximum  contrast,  in  vivo,  was  observed  at  24  h  for  both  20%  and  47%  v/v  IFR 
emulsions.  As  previously  observed  for  perflubron  [15,  16],  the  contrast  in  the 
spleen  was  higher  than  in  the  liver.  At  the  same  dose  (3ml/kg  bw),  F6H6IE  led  to 
liver  and  spleen  images  which  are  significantly  more  enhanced  than  with 
perflubron.  Consequently  lower  doses  of  IFR  emulsions  were  required  to  achieve 
the  same  contrast  as  with  perflubron:  5  and  7  times  less  for  Emulsions  I  and  II, 
respectively. 

The  neat  IFR  was  tolerated  i.p.  in  mice  at  45  g/kg  (10/10  survival  after  1 
month).  Emulsified  IFR  was  tolerated  (10/10  survival  after  1  month)  in  rats  and 
mice  i.v.  at  8  g/kg  bw  dose.  This  dose  corresponds  to  15-20  times  the  dose 
required  to  achieve  effective  contrast  with  IFR  emulsions.  Blood  analysis  and 
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histological  examination  after  intravenous  injection  into  rabbits  of  IFR  emulsions 
indicate  that  the  hepatic  functions  were  normal  even  when  the  liver  was  saturated 
with  IFR  at  24  and  48  hours.  The  half-life  of  the  product  in  the  liver  was  evaluated 
to  be  of  ca  6  days  for  a  large  3  g  of  IFR  per  kg  bw  dose  [17]. 
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PRECLINICAL  AND  CLINICAL  STUDIES  ON  LYMPH  NODE  IMAGING 
USING  PERFLUBRON  EMULSION 

G.  Hannah  D,  Saewert^  J.  Shorr^,  K.  Flaim^, 

P.  Leese^,  M,  Kopperman^  and  G.  Wolf^ 

^  Alliance  Pharmaceutical  Corp.,  San  Diego,  CA  92121 
^Clinical  Research  Foundation  -  America,  Lenexa,  KS  66219 
^Diagnostic  Imaging  Center,  Overland  Park,  KS  66211 
"^CIPR,  Massachusetts  General  Hospital,  Charlestown,  MA  02129 


A  perflubron  emulsion  is  being  developed  as  a  contrast  agent  to  enhance  lymph  nodes  on  computed 
tomography  (CD  images.  The  emulsion  is  administered  by  percutaneous  injection  into  the 
drainage  field  of  the  lymph  nodes  to  be  imaged.  A  series  of  preclinical  studies  was  conducted  to 
inv^gate  the  eflBcacy  of  the  perflubron  emulsion  for  enhancement  of  lymph  nodes  on  CT  images. 
The  effects  of  dose  (0. 10  to  0.50  mL),  application  of  massage,  and  route  of  administration  were 
investigated  in  healthy  New  Zealand  white  rabbits.  R^ults  of  these  studies  demonstrated  that 
doses  as  low  as  0. 15  mL  were  efficacious  for  consistent  enhancement  of  axillary  lymph  nodes  on 
CT  images  after  subcutaneous  injections  in  the  forepaw.  Application  of  massage  to  the  injection 
site  decreased  the  time  for  maximum  nodal  enhancement  fi'om  approximately  7  days  to  2  days 
postinjection.  A  pilot  study  conducted  in  18  healthy,  male  volunteers  indicated  dose-related 
enhancement  of  axillary  lymph  nodes  on  CT  imag^  following  subcutaneous  injections  of  the 
emulsion  in  the  hand.  Other  than  mild,  transient  injection-site  discomfort,  no  clinically  significant 
side  effects  were  observed.  These  data  demonstrate  that  the  perflubron  emulsion  is  safe  and  can 
enhance  axillary  lymph  nodes  on  CT  images  following  injections  in  the  hand. 

INTRODUCTION 

The  thin-walled  and  fen^trated  lymphatic  microvessel  is  easily  penetrated  by  cancer  cells. 
Once  inside  the  lymphatic  vessel,  cancer  cells  can  be  carried  to  a  lymph  node,  migrate  to  other 
nodes  along  the  lymphatic  chain,  and  eventually  reach  the  blood  stream  for  dissemination.  The 
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presence  and  extent  of  lymph  node  involvement  often  represent  the  most  significant  prognostic 
indicators  for  a  patient  [1-5].  Thus,  accurate  staging  of  lymph  node  involvement  following 
diagnosis  of  a  primary  cancer  is  essential  for  determination  of  treatment 

The  most  accurate  method  for  detecting  nodal  metastases  to  date  is  lymphadenectomy 
with  histologic  evaluation  of  the  lymph  nodes  draining  the  region  of  a  primary  neoplasm  [6], 
However,  lymphadenectomy  is  associated  with  significant  morbidity  [2,7], 

Lymphangiography  (direct  lymphography),  a  minor  surgical  procedure  in  which 
relatively  large  lymphatic  vessels  are  identified,  isolated,  perfused  with  an  iodinated  lipid  contrast 
agent  and  subsequently  imaged  by  conventional  radiography,  is  the  only  technique  available  to 
show  intranodal  architecture  [8,9].  Several  disadvantages  are  associated  with  this  technique, 
including:  (a)  a  high  incidence  of  folse  positive  and  felse  native  findings  in  detection  of  early 
cancer  extensions  [9];  (b)  it  is  invasive,  difficult  and  time  consuming  [10];  (c)  it  involves  the  use  of 
ethiodized  oil,  which  is  contraindicated  in  patients  with  known  iodine  hypersensitivity;  and  (d)  its 
use  is  limited  to  cancers  that  have  accessible  lymphatic  drainage  systems. 

CT,  sonography,  and  magnetic  resonance  have  also  been  used  to  image  lymph  nodes. 
The  effectiveness  of  these  modalities  has  been  inconsistent  and  each  method  has  been  associated 
with  high  rates  of  felse  positive  and  felse  negative  findings. 

A  reliable,  nonsurgical  method  of  determining  the  presence  or  absence  of  lymph  node 
metastases  would  be  of  great  value  [2,4,5].  One  approach  would  be  indirect  lymphography,  \\hich 
would  involve  diagnostic  imaging  of  lymph  nodes  following  injections  of  a  particulate  contrast 
agent  into  the  extracellular  space,  rather  than  directly  into  the  lymphatic  vessel  [11,12].  This 
method  would  require  the  uptake  of  the  contrast  agent  into  the  lymphatic  vessel  and  into  the  lymph 
nodes,  which  would  be  enhanced  on  CT  images  to  show  their  internal  architecture  as  well  as  their 
size.  Such  a  contrast  agent  would  be  of  benefit  for  determining  regional  spread  of  cancer  and  in 
subsequent  selection  of  appropriate  therapeutic  procedures. 

Preclinical  studies  were  conducted  in  rabbits  to  evaluate  the  use  of  a  perflubron  emulsion 
formulation  as  a  contrast  agent  for  indirect  lymphography  [13].  In  these  studies,  the  effects  of 
dose,  application  of  massage,  and  route  of  administration  on  the  enhancement  of  l)mph  nodes  on 
CT  images  were  investigated.  The  safety  and  efficacy  of  the  same  perflubron  emulsion 
formulation  were  evaluated  in  a  Phase  I  clinical  study. 

MATERIALS  AND  METHODS 

Piedimcal  Studies 

New  Zealand  White  rabbits  were  used  in  the  preclinical  studies.  Prior  to  injection  of 
perflubron  emulsion,  each  animal  was  anesthetized  using  a  ketamine/xylazine  cocktail  (0.6  mL/kg 
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of  body  weight)  via  an  intramuscular  injection  into  the  thigh.  The  injection  site  was  shaved  and 
cleaned  with  an  antiseptic  wipe.  At  the  appropriate  time  postinjection,  the  animals  were 
anesthetized,  a  CT  was  performed  using  a  General  Electric  9800  CT  scanner,  and  the  images  were 
analyzed  using  the  SUN  SPARC  Station  1.  Sodium  bromide  standards  of  known  concentrations 
were  imaged  along  with  each  animal  and  used  to  construct  curves  for  each  CT  image  to  estimate 
perflubron  levels  in  the  enhanced  lymph  node.  As  a  rule,  a  single  enhanced  lymph  node  was 
chosen  for  quantification  following  percutaneous  administration  of  perflubron  emulsion  into  the 
r^onal  drainage  field. 

Three  preclinical  studies  were  conducted.  In  one  study,  doses  ranging  fi-om  0. 10  to  0.50 
mL  were  injected  subcutaneously  (s.c.)  into  the  forepaw  to  investigate  the  eflfect  of  perflubron 
emulsion  dose  on  the  level  of  enhancement  of  axillary  lymph  nodes  on  CT  images.  In  a  second 
study,  the  eflfects  of  application  of  manual  massage  to  the  injection  site  on  the  kinetics  and  extent  of 
enhancement  of  axillary  lymph  nodes  on  CT  images  were  investigated.  In  this  study,  animals  were 
injected  s.c,  with  either  0. 10  or  0.25  mL  of  perflubron  emulsion.  Manual  massage  (three  5-minute 
periods  of  hand  massage  within  45  minutes  postinjection)  was  applied  to  the  injection  site  on  the 
riglit  forepaw;  the  left  forepaw  received  no  massage.  It  was  hypothesized  that  the  application  of 
massage  would  fecilitate  movement  of  the  perflubron  emulsion  through  the  lymphatic  channels.  In 
a  third  study,  the  effect  of  route  of  administration  on  the  enhancement  of  axillary  lymph  nodes  was 
evaluated.  In  this  study,  animals  were  injected  subcutaneously  (s.c.),  intradermally  (i.d.),  and 
intramuscularly  with  0.25  mL  of  perflubron  emulsion.  Analysis  of  variance  (ANOVA)  was 
performed  with  a  significance  level  of  p  -  0.05 . 

Clinical  Stu(fy 

In  the  Phase  I  clinical  study,  18  healthy,  male  volunteers  were  randomized  to  one  of  three 
dose  groups  to  receive  either  1 .0,  2.0,  or  4.0  mL  perflubron  emulsion.  The  onulsion  was  injected 
subcutaneously  between  the  first,  second,  third,  and  fourth  dorsal  metacarpals  on  the  subject's 
nondominant  hand  at  doses  of  0.25, 0.50,  or  1 .0  mL  per  injection.  Safety  was  monitored  through 
assessment  of  hematology,  coagulation,  blood  chemistry,  urinalysis,  and  vital  signs  parameters 
prior  to  dosing  and  1,  3,  7,  14,  and  28  days  postelosing.  Subjects  were  evaluated  for  signs  and 
symptoms  of  adverse  events  immediately  postdosing  and  at  all  Ibtlow-up  visits.  Pilot  eflScacy  was 
assessed  by  comparison  of  CT  scans  of  the  axillary  region  performed  prior  to  dosing  with  scans 
obtained  1,  3,  7,  14,  and  28  days  postdosing.  ANOVA  methods  were  applied  to  efficacy 
evaluations. 
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FIGURE  1.  CT  image  of  enhanced  rabbit  axillary  lymph  nodes  24  hours  postinjection 
of  a  0.25-mL  dose  administered  s.c.  into  the  right  and  left  forepaw  (80  kV,  140  mA,  1.5 
mm  slice,  2.0  mm  slice  spacing). 


RESULTS  AND  DISCUSSION 

PiBclinical  Studies 

Effect  of  dose.  Results  indicated  that  enhancement  of  lymph  nodes  on  CT  images  was 
achieved  following  s.c.  injection  of  perflubron  emulsion  into  the  drainage  field  of  the  targeted  nodes 
(Figure  1).  All  dos^  studied  were  effective  for  enhancing  axillary  lymph  nodes  on  CT  images  after 
s.c.  injections  in  the  forepaw  (Figure  2).  Although  no  correlation  between  the  dose  administered 
and  the  estimated  perflubron  concentration  in  the  enhanced  lymph  node  was  demonstrated,  a  dose- 
related  effect  was  noted  with  regard  to  the  number  of  animals  for  which  significant  enhancement* 


*  The  minimum  perflubron  concentration  required  for  enhancement  of  a  lymph  node  on  CT 
was  determined  to  be  approximately  8  mg/mL.  However,  because  this  concentration  results  in 
an  enhancement  level  barely  distinguishable  from  background  soft  tissue  on  CT,  a  perflubron 
concentration  of  approximately  37  mg/niL  was  used  to  define  significant  enhancement.  This 
value  was  used  in  all  studies  to  define  a  threshold  for  unequivocal  enhancement  of  a  lymph 
node. 


Days  Postinjection 


FIGURE  2.  Effect  of  perflubron  emulsion  dose  on  the  level  of  enhancement  of  axillary 
lymph  nodes  following  subcutaneous  injections  in  the  forepaw  of  rabbits.  Statistically 
significant  differences  between  0.10-  and  0.25-mL  doses  (*);  statistically  significant 
differences  between  0.10-  and  0.15-mL  doses  (f). 


FIGURE  3.  Effect  of  perflubron  emulsion  dose  on  the  frequency  of  enhancement  of 
axillary  lymph  nodes  following  subcutaneous  injections  in  the  forepaw  of  rabbits. 
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FIGURE  5,  Effect  of  the  route  of  administration  on  enhancement  of  rabbit  axillary 
lymph  nodes.  No  statistically  significant  differences  among  groups. 
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FIGURE  6.  CT  image  of  enhanced  human  axillary  lymph  nodes  following 
subcutaneous  injection  of  4.0  mL  perflubron  emulsion  dose  in  the  hand.  Left; 
preinjection;  right:  14  days  postinjection  (120  kV,  200  mA,  3  mm  contiguous  slice). 
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3  7  14  28 

Days  Postinjection 


FIGURE  7.  The  effect  of  dose  on  the  mean  number  of  enhanced  human  axillary  lymph 
nodes.  Statistically  significant  differences  between  1-  and  4-mL  doses. 


was  observed.  The  results  indicated  that  a  0. 10-mL  dose  did  not  consistently  and  reliably  enhance 
an  axillary  lymph  node  on  CT;  at  2  and  8  days  postinjection,  an  axillary  node  was  enhanced  in 
only  3  of  6  animals  and  4  of  6  animals,  respectively  (Figure  3).  However,  at  the  higher  doses  (0.15 
to  0.50  mL),  significant  enhancement  of  the  axillary  node  was  consistently  observed  for  all  animals 
at  2  days  postinjection.  These  results  suggested  that  a  minimum  dose  of  0. 15  mL  was  required  for 
consistent  enhancement  of  axillary  lymph  nodes  following  a  s.c.  injection  in  the  forepaw. 

Effect  of  massage.  Application  of  massage  to  the  injection  site  resulted  in  a  significant 
increase  in  the  mean  perflubron  concentration  for  the  0. 10-mL  dose  and  significant  enhancement 
was  noted  as  early  as  I  day  postinjection  (Figure  4).  However,  for  the  0.25-mL  dose,  application 
of  massage  to  the  injection  site  did  not  result  in  a  significant  effect  on  the  estimated  mean 
perflubron  concentration  in  the  lymph  node.  Both  with  and  without  massage,  maximal 
enhancement  occurred  at  8  to  9  days  postinjection.  Based  on  these  data,  massage  application  was 
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FIGURE  8.  Dose-response  relationship;  human  axillary  lymph  nodes  with  the  greatest 
degree  of  enhancement.  Statistically  significant  differences  between  1-  and  4-mL  doses 
on  days  3,  14,  and  28  and  between  the  2-  and  4-mL  doses  on  days  14  and  28. 


efiective  for  increasing  the  degree  of  enhancanent  and  reducing  the  time  to  reach  maximal 
enhancement  only  at  the  0. 10-mL  dose. 

Effect  of  route  of  administration.  All  three  routes  of  administration  (s.c.,  i.d.,  i.m.)  were 
equally  efiective  for  axillary  lymph  node  enhancement  following  injection  of  0.25  mL  perflubron 
emulsion  (Figure  5).  With  each  route,  an  axillary  lymph  node  was  enhanced  at  the  earliest  imaging 
time  point  (1  to  2  days  postinjection)  for  all  animals.  Maximum  perflubron  concentration  was 
noted  8  to  9  days  postinjection;  perflubron  concentration  declined  gradually  over  the  subsequent  2 
weeks  (22  days  postinjection). 

Clinical  Study 

Safety.  Evaluation  of  safety  data  indicated  that,  other  than  mild  injection-site  discomfort 
(e.g.,  redness,  swelling),  no  clinically  significant  adverse  events  were  observed.  For  most  subjects 
who  experienced  injection-site  discomfort,  the  events  were  brie^  resolving  within  2  hours  of  dosing. 
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Pilot  Efficacy.  Dose-related  enhancement  -  in  terms  of  both  the  number  of  lymph  nodes 
opacified  and  the  level  of  enhancement  -  of  axillary  lymph  nodes  on  CT  images  was  observed 
following  s.c.  injections  of  the  perflubron  emulsion  in  the  hand  (Figure  At  the  4-mL  dose,  the 
highest  number  of  opacified  lymph  nodes  (Figure  7)  and  the  greatest  degree  of  enhancement 
(Figure  8)  were  observed  14  days  postinjection. 

SUMMARY 

Results  fi-om  the  preclinical  and  clinical  studies  demonstrated  the  safety  and  utility  of  a 
perflubron  emulsion  for  enhancmg  lymph  nodes  on  CT  images.  This  perflubron  emulsion 
formulation  could  be  valuable  as  a  contrast  agent  for  use  in  the  staging  of  cancers. 
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The  aim  of  this  study  was  to  examine  the  transport  mechanism  of 
colloidal  particles  from  subcutaneous  tissue  to  lymphatics.  The 
mechanism  of  lymph  transport  was  studied  in  leg  prenodal  lymphatics 
of  anesthetized  rabbits  using  Imagent®LN  (60%W/V  perfluorooctyl 
bromide  [PFOB]  emulsion).  Extracellular  (dispersed  particles)  and 
intracellular  (phagocytosed  particles  by  macrophages)  PFOB  transport 
was  measured  in  lymph  fluid  after  0.1ml  injection  of  fluorescently 
labeled  PFOB  emulsion  into  the  dorsal  skin  of  the  rabbits'  foot. 
Samples  were  collected  from  cannulated  lower  leg  prenodal  lymphatics. 
Particles  of  PFOB  emulsion  were  observed  by  using  a  fluorescent 
technique.  The  foot/leg  were  moved  passively  in  a  rotary  direction  at 
0.3Hz.  Extracellular  and  intracellular  PFOB  could  be  determined  in 
the  lymph  samples.  These  findings  indicate  that  both  intracellular  and 
extracellular  transport  mechanisms  play  a  role  in  the  uptake  of  colloidal 
particles  from  interstitial  tissue  to  lymphatics. 

INTRODUCTION 

Functions  of  the  lymphatic  system  include  not  only  return  of 
excess  tissue  fluid  to  the  intravascular  compartment  but  also  uptake  of 
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large  particles  from  interstitial  space.  This  phenomenon  has  been 
applied  to  collect  drugs  in  lymph  node  for  diagnosis  and  treatment  of 
lymphatic  metastasis  of  cancer  [1,  2].  However,  detailed  transport 
mechanisms  of  large  particles  from  interstitial  tissue  to  lymph  nodes  are 
not  well  defined. 

Perfluorooctyl  bromide  (PFOB)  is  a  brominated  fluorochemical, 
which  is  radiopaque  [3]  and  has  the  ability  to  carry  oxygen  [4].  By  use 
of  these  physical  characteristics,  PFOB  emulsion  has  been  used  as  X- 
ray  contrast  medium  [3]  and  as  an  adjuvant  to  tumor  radio  therapy  [4] 
and  for  other  uses  in  diagnosis  and  therapy  [5].  By  phagocytosis  of 
that  chemical  by  macrophages  or  related  cells,  liver  spleen,  tumors  [6] 
and  inflammatory  tissues  [7]  can  be  distinguished  with  CT.  Transport 
of  a  colloidal  material  in  the  lymphatic  system  may  take  place  in  form 
of  dispersed  extracellular  particles  in  free  suspension  and  via  an 
intracellular  pathway  after  phagocytosis  by  macrophages.  The 
magnitude  of  each  transport  mechanism  with  any  selected  emulsion  is, 
however,  unexplored. 

In  order  to  examine  the  transport  of  colloidal  PFOB  particles 
from  subcutaneous  tissue  to  lymphatics,  we  measured  the  extracellular 
and  intracellular  transport  in  lymph  after  subcutaneous  injection  in  the 
rabbit  hind  leg. 


MATERIALS  AND  METHODS 

Experiments  were  performed  on  male  New  Zealand  White  rabbits 
(2. 0-3. 0kg)  anesthetized  with  ketamine  chloride  (20mg/kg  I.V.)  and 
pentobarbital  sodium  (20mg/kg  I.V.).  Lymph  fluid  was  collected  by 
cannulating  one  of  the  lymphatics  in  the  lower  leg  before  it  enters  the 
popliteal  node.  The  size  of  the  lymph  channels  was  in  the  range  of 
about  200  jam.  Cannulations  were  made  under  a  binocular  microscope. 
During  lymph  collection,  the  rabbit  foot/leg  was  moved  passively  in  a 
circular  direction  at  a  frequency  of  0.3Hz.  Selected  experiments  were 
also  carried  out  without  passive  foot/leg  passive  movement. 

To  determine  the  concentration  of  PFOB  particles,  we  used  the 
following  fluorescent  labeling  technique.  A  lO"^  M  stock  solution  of 
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the  fluorescent  stain  PKH-26  (Zynaxis  Cell  Science,  Inc.,  Malvern,  PA) 
was  added  to  the  PFOB  emulsion  (60%W/V;  Imagent®LN,  Alliance 
Pharmaceutical  Corp.,  San  Diego,  CA)  to  a  final  PKH-26  concentration 
of  10"^M.  The  mixture  was  gently  mixed  in  the  dark  for  5  min  at  room 
temperature.  Subsequently,  the  PFOB/PKH-26  mixture  was  added  in 
equal  volume  to  rabbit  plasma  and  gently  shaken  for  1  min  to  stop  the 
staining  reaction.  The  final  concentration  of  fluorescently  stained 
PFOB  emulsion  was  30%WA^.  PFOB  emulsion  includes  4%W/V  egg 
yolk  phospholipid  as  surfactant  and  each  PFOB  particle  is  presumed  to 
have  a  phospholipid  layer  on  its  surface.  PKH-26  is  a  fluorescent  dye 
which  is  used  for  labeling  of  cell  membrane  phospholipid  layers. 
Leukocytes  in  lymph  samples  were  detected  by  transillumination 
microscopy.  The  fluorescently  stained  PFOB  particles  were  observed 
under  a  fluorescence  microscope  (Leitz,  Ploempak,  N2.1  filter  set)  with 
100  X  objective.  The  images  were  recorded  with  a  silicone  intensified 
target  television  camera  (Dage,  Model  66),  stored  on  video  tape  and 
analyzed  on  a  television  monitor. 

Lymph  collection  was  carried  out  24hrs  after  injection  of 
fluorescently  labeled  PFOB  (0.1ml)  into  the  dorsal  skin  of  the  foot. 
Samples  were  collected  over  a  period  of  2hrs  and  assayed  for 
extracellular  and  intracellular  PFOB  concentration.  After  this  protocol, 
the  position  of  the  drainage  area  of  the  cannulated  lymphatic  was 
confirmed  by  injection  of  Evans  blue  dye  with  2%  albumin 
subcutaneously  in  the  same  area  where  the  colloidal  suspension  has 
been  injected  previously. 


RESULTS 

Both  extracellular  and  intracellular  PFOB  particles  were 
observed  in  lymph  after  subcutaneous  injection  of  PFOB  emulsion. 
The  extracellular  and  intracellular  particles  could  clearly  be  separated 
since  extracellular  particles  showed  rapid  Brownian  motion  in  free 
solution,  whereas  intracellular  phagocytosed  particles  exhibit  slow 
movement  which  is  synchronized  with  the  motion  of  cells.  The 
concentration  of  intracellular  particles  was  8.1  ±  2,2  x  10"^  |4g/ml 
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(mean  ±  SE)  at  an  average  leukocyte  count  in  the  lymph  fluid  of  208  ± 
24  cell/mm3.  In  contrast  the  extracellular  concentration  of  PFOB  was 
about  3  -  4  orders  of  magnitude  higher,  2.3  ±  0.6  pg/ml. 

Figure  1  shows  the  lymph  flow  rate  of  rabbits'  lower  leg  with  and 
without  passive  movement  of  the  foot/leg.  This  passive  movement 
increased  the  lymph  flow  rate  (0.188  ±  0.024  ml/h)  compared  with  its 
steady  state  value  (0.007  ±  0.002  ml/h). 

DISCUSSION 

The  present  study  demonstrates  that  colloidal  particles  can  be 
taken  up  into  the  initial  lymphatics  by  both  an  extracellular  and 
intracellular  transport  mechanism. 

Sherman  and  Ter-Pogossian  [8]  showed  that  subcutaneously 
injected  colloidal  solutions  (Au;  50-250nm  in  diameter)  were 
transported  into  the  regional  nodes  where  they  were  trapped  and 
concentrated.  Subsequently  several  kinds  of  radioactive  colloids  have 
been  used  to  identify  regional  lymph  nodes  [2,  9]  for  treatment  of 
cancer. 

The  current  evidence  suggests  that  extracellular  particles  enter 
initial  lymphatics  by  passing  through  gaps  between  lymphatic 
endothelial  junctions  and  possibly  also  through  the  endothelium  via  a 
phagocytic  transport  [10,  11].  This  is  possible,  since  lymphatic 
endothelium  is  specialized  without  a  continuous  basement  membrane. 
It  is  anchored  to  the  tissue  parenchyma  at  local  points  of  attachment 
[12].  Surface  views  of  initial  lymphatics  by  scanning  electron 
microscopy  show  that  cell  borders  are  only  partially  fused  with 
neighboring  cells  with  an  overlapping  attachment  structure  that  may 
effectively  act  like  an  endothelial  microvalve  system.  The 
discontinuous  arrangement  of  tight  lymphatic  interendothelial  junctions 
can  be  demonstrated  by  stretching  of  the  initial  lymphatics  after 
inflation.  Stretching  serves  to  open  these  interendothelial  junctions  to  a 
degree  which  results  in  gaps  of  several  micrometers  [13].  Thus 
mechanical  expansion  of  the  initial  lymphatics  causes  filling  by  fluid 
which  enters  from  the  interstitial  space  via  convection  and  thus  provides 
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FIGURE  1.  The  effect  of  passive  foot/leg  movement  on  the  lymph 
flow  rate  of  rabbit  hind  leg.  The  foot  and  hind  leg  were  moved  in  a 
circular  direction  (with  radius  3.5  cm)  at  a  frequency  of  0.3Hz  while  the 
animal  was  resting  spine  on  it  back.  The  strong  effect  of  foot/leg 
motion  on  lymph  flow  rate  was  observed  in  each  animal  without 
exception.  Each  value  represented  the  mean  with  SE  shown  by  the 
vertical  bar.  Number  of  rabbits,  n  =  4. 


a  transport  mechanism  for  colloidal  material.  The  degree  of  filling  of 
the  initial  lymphatics  depends  on  the  rate  of  tissue  deformation,  i.e.  the 
rate  of  lymphatic  expansion  and  compression.  The  passage  of  particles 
(50nm-lp.m)  from  the  peritoneal  cavity  of  mice  into  diaphragmatic 
lymphatics  has  been  reported  to  take  place  through  both  interendothelial 
junctions  and  directly  through  the  cytoplasm  [14].  Similar  results  were 
obtained  during  transport  of  chylomicra  and  lipoprotein  through  jejunal 
lacteals  [15]. 

A  fraction  of  subcutaneously  injected  colloidal  particles  may  be 
phagocytosed  by  macrophages  which  then  in  turn  migrate  into  initial 
lymphatics.  Macrophages  have  the  ability  to  phagocytose  foreign 
particles  and  are  a  regular  component  of  lymph  from  afferent 
lymphatics  [16].  Emulsified  PFOB  (perfluorooctyl  bromide)  is 
collected  at  lesions  of  malignant  tumor  [3]  and  inflammation  [7].  This 
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suggests  that  macrophages  may  engulf  PFOB  particles  at  the  injection 
site  as  well  as  in  the  lymphatics.  Recently,  Tsuda  et  al.  [17]  showed 
that  perfluorochemical  emulsion  can  be  phagocytosed  by  macrophages 
in  vivo  by  using  a  wave  length  dispersive  X-ray  micro  analyzer. 
Particle  transport  by  macrophages,  however,  was  only  suggested  at 
selected  immunologically  specific  sites  where  phagocytic  cells  can  be 
detected,  such  as  BALT  (bronchial-associate  lymphoid  tissue). 
Harmsen  et  al.  [18]  reported  that  lung  macrophages  phagocytose 
injected  microspheres  in  the  lung  and  carried  them  to  the 
tracheobronchial  lymph  nodes. 

In  summary,  the  present  study  demonstrates  that  there  are  at  least 
two  kinds  of  transport  mechanisms  for  colloids  from  subcutaneous 
tissue  to  lymphatics.  Both  are  dependent  on  tissue  motion.  These 
observations  may  be  important  for  the  use  of  colloidal  materials  in 
diagnosis  and  treatment  of  lymphatic  metastasis  of  cancer. 
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ABSTRACT 

The  purpose  of  this  study  was  to  confirm  the  relationship  of  Ti  and  T2 
relaxation  rate  vs.  p02  in  vivo  of MR  signal  measured  from  intracellular 
perflubron.  Our  work  to  date  has  demonstrated  that  I/T2  is  more  sensitive  to  p02 
than  1/Ti  in  the  in  vi/ro  environment.  The  advantage  of  I/T2  vs.  1/Ti  is  the  speed 
of  measurement  and  sensitivity. 

Seven  alternating  Ti  and  T2  measurements  were  obtained  during  a 
continuous  acquisition  using  the  TTISS  pulse  sequence.  An  abscess  model  was 
used  for  the  in  vivo  experiments  where  rabbits  were  infused  with  5 ml/kg  Oxygent® 
HT  10  days  prior  to  scanning.  The  abscess  model  was  used  because  it  has  been 
shown  that  perflubron  accumulates  in  macrophages  located  in  the  abscess  wall. 
This  technique  thus  provided  signal  from  the  intracellular  milieu. 

The  results  of  this  study  proved  that  p02  monitoring  by  measuring  T2  of 
’^F  is  feasible  and  can  be  used  in-lieu  of  the  Ti  measurement.  Given  that  the  T2 
measurement  is  much  more  rapid  than  the  Ti  measurement  and  that  T2  changes  are 
more  sensitive  than  Ti  changes  with  alterations  in  p02,  T2  should  prove  to  be 
practical  and  useful  for  monitoring  transient  rapid  changes  in  pOi. 

INTRODUCTION 

Our  in  vitro  studies  have  shown  that  the  transverse  relaxation  rate  of  I/T2 
of  perflubron  (perfluorooctyl  bromide)  does  not  only  vary  linearly  with  the 
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dissolved  p02  but  is  also  more  sensitive  than  1/Ti  to  p02  changes.0.2]  In  our 
preliminary  studies  we  have  shown  that  the  relationship  of  I/T2  and  1/Ti  to  p02 
may  be  the  same  in  vivo  as  it  is  in  vUro.m  It  is  known  that  perflubron  emulsion 
(Oxygent®  HT,  Alliance  Pharmaceutical  Corp.,  San  Diego)  is  an  efficient  oxygen 
carrier.[3]  It  is  also  known  that  perflubron  accumulates  within  macrophages  in  the 
abscess  wall  following  the  administration  of  a  100%  w/v  perflubron  emulsion. PI 
Therefore,  using  the  abscess  model,  it  is  possible  to  evaluate  the  intracellular  p02 
level  within  macrophages.  The  purpose  of  this  study  was  to  more  rigorously 
confirm  the  relationship  of  Ti  and  T2  relaxation  rates  vs.  p02  in  vivo  and  to  expand 
upon  the  prior  workl^]  following  further  optimization  of  the  MR  technique  and  the 
abscess  model. 

MATERIALS  AND  METHODS 

The  TTISS  (Ti  and  T2  Interleaved  for  a  Selected  Spectrum)  pulse 
sequence  was  allowed  to  measure  four  Ti  and  four  T2  interleaved  within  twenty 
minutes  in  previous  experiments.  In  this  study  TTISS  pulse  sequence  was 
optimized  by  decreasing  the  TE  to  16  ms  by  shortening  gradients  and  RF  pulses  in 
order  to  increase  ^^F  signal.  In  previous  studies  the  Ti  and  T2  were  calculated 
form  the  echo  data  by  using  four  different  TRs  and  four  different  TEs  respectively. 

In  this  study  we  used  three  different  TRs  and  TEs  to  calculate  Ti  and  T2  to 
increase  the  paired  measurement  from  four  to  seven  within  the  same  sequence 
which  increased  time  resolution.  In  addition,  the  integral  area  under  the  spin-echo 
was  used  in  lieu  of  the  peak  amplitude  to  calculate  the  Ti  and  T2  values  further 
increasing  the  signal-to-noise  ratio. 

In  our  prior  study  only  one  large  abscess  was  created  in  each  leg  of  the 
rabbit.  For  this  study  we  choose  to  use  four  small  abscesses,  which  had  a  total 
volume  similar  to  the  large  abscess,  increasing  the  ration  of  perflubron  content  in 
the  wall  to  the  center  of  abscess.  These  small  abscesses  were  produced  in  the 
gastrocnemius  muscle  of  both  legs  in  4  NZW  rabbits.  Two  days  following  abscess 
inoculation  rabbits  were  given  5  ml/kg  (4.5g/kg)  of  perflubron  emulsion  (Oxygent® 
HT,  Alliance  Pharmaceutical  Corp.,  San  Diego).  Rabbits  were  then  scanned  ten 
days  following  infusion.  Prior  to  MR  scanning  an  aortic  occluder  was  placed 
around  the  aorta  just  distal  to  the  renal  arteries.  Both  legs  of  rabbits  were  placed 
within  a  iH  and  ^^F  double-tuned  coil.  The  sequence  to  measure  Ti  and  T2 
relaxation  of  ^^F  was  initiated  with  each  intervention.  The  sequence  was  acquired 
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while  the  rabbit  breathed  room  air  (20%  O2)  and  then  again  while  breathing 
carbogen  (95%  O2  +  5%  CO2).  The  3rd  sequence  was  acquired  when  rabbits  were 
breathing  carbogen  but  following  the  interruption  of  blood  flow  to  the  legs  by 
totally  occluding  the  abdominal  aorta.  The  4th  sequence  was  acquired  as  the 
occluder  was  released  initiating  reperfusion. 

The  entire  scanning  time  was  one  and  a  half  hours  and  the  total  occlusion 
time  was  approximately  20  minutes.  Following  the  MR  procedure  rabbits  were 
sacrificed  and  the  abscess  wall  and  abscess  center  were  analyzed  for  total 
perflubron  content. 

RESULTS 

Figure  1  shows  the  changes  of  the  relaxation  rates  1/Ti  and  I/T2  of  ^^F  in 
the  abscesses  of  two  rabbits.  These  2  rabbits  displayed  the  largest  and  the  smallest 
change  observed  of  the  four  rabbits  scanned,  when  the  FIO2  and  blood  flow  were 
manipulated.  Note  the  changes  in  I/T2  were  greater  than  those  of  1/Ti  indicative 
of  T2's  greater  sensitivity  to  p02  changes.  Although  the  results  were  similar  for  all 
rabbits  the  absolute  values  of  these  rates  were  different.  We  feel  that  the  principle 
reason  for  this  is  due  to  the  dampening  effect  of  ^^F  signal  originating  from 
perflubron  located  in  the  abscess  center  which  is  avascular  and  does  not  experience 
the  change  in  p02  experienced  by  perflubron  in  the  abscess  wall.  Note  that  total 
perflubron  content  in  the  wall  and  the  center  was  39.7  to  19.2  for  rabbit  #1,  and 
8.4  to  17.6  for  rabbit  #2.  Since  the  perflubron  pool  in  the  center  of  the  abscess  in 
rabbit  #2  was  double  that  in  the  wall,  the  change  in  ^^F  signal  was  dampened  by  a 
factor  of  4  relative  to  rabbit  #1  which  contained  twice  as  much  perflubron  in  the 
abscess  wall  as  it  did  in  the  abscess  center. 

To  control  for  the  variation  in  the  ratio  of  PFC  content  between  wall  and 
center  among  rabbits,  we  analyzed  the  data  by  comparing  the  change  in  1/Ti  and 
I/T2  following  occlusion  and  reperfusion  relative  to  the  change  observed  when  the 
FIO2  was  increased  from  20  to  95%.  We  believe  that  this  approach  is  reasonable 
since  it  is  the  same  fraction  of  perflubron  that  would  respond  to  changes  in  p02 
with  each  intervention.  This  was  calculated  as  100*b/a,  where  "a"  was  the  change 
observed  in  1/Ti  or  I/T2  following  carbogen  breathing  relative  to  their  baseline 
room  air  value,  and  "b"  the  change  observed  after  each  of  the  subsequent 
interventions.  Figure  2  shows  the  mean  change  of  I/T2  and  1/Ti  for  all  four  rabbits 
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Tj  &  Tj  Relaxation  Rates 

Measured  from  Leg  Abscess  of  Rabbit  #1 


Tj  &  Relaxation  Rates 

Measured  from  Leg  Abscess  of  Rabbit  #2 


FIGURE  1:  Variations  in  relaxation  rates  1/Tl  and  1/T2  of  intracellular  for 
different  FIO2  and  arterial  blood  flow  in  rabbit  #1  (above)  and  #2  (below)  with 
high  and  low  perflubron  abscess  wall  to  center  concentration  ratio  respectively. 
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Change  in  Abscess  Wall  pO^ 

Measured  with  Tj  &  Rates 


FIGURE  2:  Mean  change  +  SEM  of  p02  following  each  intervention  relative  to  the 
change  observed  when  the  FIO2  was  increased  from  20  to  95%.  Bl=Baseline; 
Occ=Occluded;  Repi=Early  repeifusion;  Rep2=Late  repeifusion. 


Change  in  &  T,  Rates 

Measured  from  Leg  Abscesses 


Baseline  B1  to  Occ  Occ  to  Rep,  Rep,  to  Rep^ 

on  95%  Oj 

FIGURE  3:  Change  in  p02  in  the  abscess  of  rabbit  #1.  The  values  were  obtained 
by  dividing  the  1/Tl  and  1/T2  measurements  by  their  respective  calibration  slope. 
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following  occlusion  and  3  rabbits  following  reperfusion  (balloon  occluder  failed  to 
reopen  in  1  rabbit)  relative  to  the  change  obseiwed  from  room  air  to  carbogen  br 
eathing.  The  results  in  Figure  2  showed  a  relatively  small  standard  error  despite 
significant  variations  in  the  ratio  of  perflubron  content  in  the  abscess  wall  to 
abscess  center. 

Although  the  absolute  p02  value  calculated  from  Ti  and  Ti  measurements 
is  not  known  until  validated  by  an  independent  technique,  the  change  in  p02  with 
each  intervention  is  reliable  because  the  linear  correlation  of  1/Ti  and  I/T2  to  p02 
had  an  r-value  of  0.999.  When  the  1/Ti  and  I/T2  were  converted  to  p02,  and  the 
p02  changes  calculated  from  1/Ti  and  I/T2  compared,  the  results  were  similar  and 
consistent  with  each  (Figure  3), 

CONCLUSION 

The  results  of  this  study  proved  that  p02  monitoring  by  measuring  the  T2 
of  ^^F  is  feasible  and  can  be  used  in-lieu  of  the  Ti  measurement.  Given  that  the  T2 
measurement  is  much  more  rapid  than  the  Ti  measurement  and  that  T2  changes  are 
more  sensitive  than  Ti  changes  with  alterations  in  p02,  T2  should  prove  to  be 
practical  and  useful  for  monitoring  transient  rapid  changes  in  p02.  Further,  this 
model,  when  used  to  monitor  p02,  is  relatively  insensitive  to  variations  in  the  ratio 
of  perflubron  concentration  in  the  abscess  wall  (vascular  portion)  vs.  the  abscess 
center  (ischemic  portion). 
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ABSTRACT 

To  evaluate  the  efficiency  of  fluorocarbon  emulsions  as  oxygenating  media  for  the 
normothermic  preservation  of  organs  (multiple  organ  blocks,  MOB),  a  new 
perfluorooctyl  bromide  (perflubron)  emulsion  was  compared  with  a  mixture  of 
modified  Krebs  solution  and  blood.  The  fluorocarbon  emulsion  used  (90%  w/v  of 
fluorocarbon)  contained  a  low  amount  of  egg  yolk  phospholipid  (EYP,  2%  w/v) 
and  was  stabilized  by  a  mixed  fluorocarbon-hydrocarbon  amphiphile 
C6F13C10H21  (F6H10).  Blood  of  4  rat  MOBs  was  replaced  with  a  36%  w/v 

fluorocarbon  emulsion  which  had  been  complemented  with  albumin  and 
electrolytes  (EMOBs).  5  MOBs  were  perfused  with  a  mixture  of  blood  and 
albumin-containing  Krebs  solution  (KBMOBs).  Lactate,  amylase  and  creatine 
kinase  were  lower  (p<0.05)  at  60  and  120  min  in  EMOBs  than  in  KBMOBs, 
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showing  lesser  suffering  of  the  organs.  Diuresis  was  also  higher  (p<0.05)  in 
EMOBs  (5.65+1.76  vs  1.2110.28  mg/min).  There  was  no  difference  in  bile 
production,  AST,  ALT  levels.  Electrolytes  and  acid-base  balance  were  preserved 
in  all  cases  ;  Pa02  was  significantly  higher  (p<0.05)  for  the  EMOBs  than  for  the 
KBMOBs.  It  is  concluded  that  fluorocarbon  emulsions  provide  significant 
improvement  in  the  normothermic  preservation  of  organs. 

INTRODUCTION 

Cold  storage  is  most  commonly  used  for  the  preservation  of  organs  for 
transplantation,  but  this  method  has  a  specific  time  limit  beyond  which  the  organ  is 
no  longer  viable  [1].  Continuous  aerobic  perfusion  of  the  organs  could  be  a 
worthwhile  alternative  to  cold  ischemic  anaerobic  preservation.  We  recently 
described  the  preservation  at  37°C  of  Multiple  Organ  Blocks  (MOB)  removed  from 
rats  and  perfused  with  a  mixture  of  Krebs  solution  and  blood  [2].  A  MOB  is 
composed  of  "en  bloc”  removed  heart-lungs,  liver,  pancreas,  kidneys  and  bowel, 
connected  by  the  vascular  system,  whose  blood  circulation  is  maintained  by  the 
heart,  and  oxygenation  by  the  lungs  under  artificial  ventilation.  Unfortunately, 
hemolysis  due  to  the  continuous  circulation  in  the  external  circuit  occurred, 
limiting  ex-vivo  survival  of  the  organs.  This  problem  can  be  overcome  by  using  a 
stable,  inert,  oxyphoretic  liquid.  Fluorocarbon  emulsions  could  represent  an 
effective  answer  to  this  challenge  [3,  4].  We  chose  to  study  the  preservation  of  all 
the  organs  likely  to  be  transplanted  in  a  single  experimentation,  in  order  to  find  a 
formulation  suitable  for  the  normothermic  perfusion  of  all  these  organs.  A  new 
concept  of  emulsion  stabilization  has  recently  been  developed  which  uses  mixed 
fluorocarbon/hydrocarbon  molecules,  the  so-called  "molecular  dowels"  [5,  6]. 
The  dowel  molecule  prevents  the  increase  in  particle  size  and  allows  a  reduction  of 
the  amount  of  EYP  required.  Such  a  reduction  is  desirable  as  it  diminishes  the 
sedimentation  phenomenon  that  occurred  when  bivalent  ions,  necessary  for 
aerobic  normothermic  organ  preservation,  are  added  to  the  emulsion  [7].  The 
object  of  this  work  was  to  compare  the  physiologic  functions  of  rat  MOBs 
perfused  with  a  dowel-based  perfluorooctyl  bromide  emulsion  [8]  with  those  of 
blood  and  Krebs  solution-perfused  MOBs.  The  results  demonstrate  improved 
preservation  of  150  minutes  fluorocarbon-perfused  organs. 


NORMOTHERMIC  PRESERVATION  OF  ORGANS 


1457 


MATERIALS  AND  METHODS 

Rats  :  9  male  Wistar  rats  (300-350  g,  IFFA  Credo,  L'Arbresle,  France)  were 
used  for  procurement  of  MOBs  ;  20  Wistar  rats  (>  400  g)  for  blood  transfusions. 
Removal  of  MOBs:  MOBs  were  removed  as  previously  described  [2],  and 
placed  in  a  vaseline  oil  bath  at  37°C  (Figure  1). 

Fluorocarbon  emulsions  :  The  emulsion  consisted  of  90  %  w/v  (i.e.  47  % 
v/v)  perflubron  (Hoescht),  2  %  w/v  of  EYP  (Asahi),  an  equimolecular  amount  of 
C6F13C10H21  (F6H10,  1.4  w/v),  d-a  tocopherol  as  an  anti-oxidant,  EDTA  as  a 
metal  chelator  (both  to  protect  EYP  against  oxidation),  a  phosphate  buffer  and 
sodium  chloride.  The  emulsion  (IL  size-batches)  was  prepared  by 
microfluidization  according  to  [8].  The  physico-chemical  parameters  of  the 
emulsion  are  presented  in  table  I.  The  stem  emulsion  was  diluted  to  36  %  w/v 
(Em.  1)  and  18  %  (Em  2)  with  a  solution  containing  albumin  and  electrolytes 
(Table  I). 

Fluorocarbon  emulsion-perfused  MOBs  (EMOBs)  :  The  venous 
reservoir  was  filled  with  40  ml  of  Em  1.  The  first  16  ml  of  blood  which  flowed 
into  the  arterial  reservoir  were  disgarded  in  order  to  let  the  emulsion  replace  blood. 
After  this  operation,  the  arterial  reservoir  was  connected  to  the  venous  one,  and 
the  level  of  the  venous  reservoir  was  adjusted  to  30  ±  5  ml  with  Em  2.  A  similar 
diluted  emulsion  was  used  during  the  entire  experiment  to  avoid  progressive 
concentration  and  subsequent  increase  in  viscosity  of  the  perfused  liquid  due  to 
water  evaporation  in  the  lungs  and  hydric  losses  through  diuresis  and  bile.  The 
arterial  liquid  (4  ml)  was  sampled  at  60,  90, 120  and  150  minutes. 

Krebs  and  Blood-perfused  MOBs  (KBMOBs)  :  The  venous  reservoir  was 
filled  with  15  ml  of  Wistar  rat  blood  and  10  ml  of  modified  Krebs  solution  [2] 
Table  I.  The  first  8  ml  of  blood  which  flowed  into  the  arterial  reservoir  was 
disgarded,  the  arterial  reservoir  was  connected  to  the  venous  one,  and  the  level  of 
the  venous  reservoir  was  adjusted  to  30  ±  5  ml  with  blood  and  modified  Krebs 
solution  (50  %  v/v). 

Function  criteria  :  At  60,  90,  120  and  150  minutes,  4  ml  of  arterial  liquid  was 
sampled  to  measure  electrolytes,  proteins,  AST,  ALT,  CK,  amylase,  lactate  on  a 
Kodak  Ektachem  700  Analyser,  pH,  PaOi,  PaC02,  HCOs'  on  a  Ciba  Corning 
280.  Urine  and  bile  were  collected,  weighed,  and  the  flows  were  calculated  by 
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FIGURE  1  :  Removed  rat  MOB  :  Bile  duct  and  ureters  were  cannulated  to  collect  bile 
and  diuresis.  Aorta  and  vena  cava  inferior  were  connected  to  the  external  vascular  circuit : 
stabilized  anerial  and  venous  pressures  were  monitored.  Lungs  were  ventilated  by  a 
pressure  regulated  respirator  (Fi02  =  100%,  Peak  P  =  12mmHg,  Mean  P  =  5mmHg, 
PEEP  =  2mmHg,  Frequency  =  45/min). 


dividing  the  weight  by  the  preservation  time  of  the  MOB.  Results  were  expressed 
as  mean  ±  SEM,  Student’s  t  test  was  performed.  Arterial  pressure  was 
continuously  monitored  (Sirecust  302D,  Siemens,  Germany). 

RESULTS  AND  DISCUSSION 

Hemodynamics  were  stable  during  the  observation  period  (60-150  min).  There 
was  no  difference  between  the  perfusion  rates  of  EMOBs  and  KB  MOB  s  (0.42+ 
0.038  vs  0.40±0.026  ml/min).  Electrolyte  and  acid-base  balances  were  preserved 
during  the  observation  period  (60-150  min).  Amylase  and  CK  were  significantly 
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TABLE  I :  Formulation  and  characteristics  of  emulsions  used  in  EMOBs  perfusion 
and  modified  Krebs'  solution  used  in  KBMOBs 


Composition 

Stem 

emulsion 

90  %  w/v 

Em.  1 

36  %  w/v 

Em.  2 

18  %  w/v 

Krebs 

solution 

perflubron  (g) 

90 

36 

18 

F6H10  (g) 

1.4 

0.56 

0.28 

- 

EYP  (g) 

2 

0.8 

0.4 

_ 

d-  -tocopherol  (g) 

0.002 

0.0008 

0.0004 

_ 

Na  (mM) 

18.6 

132 

135 

134 

K(mM) 

- 

3.9 

4 

2.7 

Cl  (mM) 

26 

95 

100 

95 

HCO3  (mM) 

- 

18 

18 

22 

Prot.  (g/1) 

- 

26 

26 

71 

Ca  (mM) 

- 

0.6 

1.5 

2.96 

HPO4  (mM) 

- 

14 

3.7 

0 

pH 

7.2 

7.40 

1.50 

7.6 

Viscosity  coeff. 

9  cp 

- 

~ 

0 

0  Post  steril. 

0.20  pm 

- 

- 

- 

Pa02 


kPa 


Lactate 


mM/i 


CK 


Time  (min.) 

Amylase 


Ul/I 


FIGURE  2  :  Pa02,  CK,  Lactate  and  Amylase  in  EMOBs  (|)  and  KBMOBs  (@). 
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lower  in  EMOBs,  showing  less  deterioration  of  pancreases  and  of  hearts  perfused 
with  the  new  perflubron  emulsion  (figure  2).  AST  and  ALT  levels  were 
comparable  in  EMOBs  and  in  KBMOBs.  Hematosis  was  better  with  the 
perflubron  emulsion,  as  demonstrated  by  lower  lactate  levels  and  significantly 
higher  Pa02  values.  The  perflubron  emulsion  allowed  full  aerobic  metabolism  to 
be  maintained  in  the  organs.  Diuresis  was  higher  (p<0.05)  in  EMOBs  (5.61  ± 
1.76  vs  1.21  ±  0.28  mg/min),  evidencing  better  preservation  of  the  emulsion- 
perfused  kidney.  There  was  no  difference  in  bile  production.  Histologic 
examination  of  the  organs  perfused  with  perflubron  showed  no  severe  lesions  , 
additional  analysis  by  optical  and  electronic  microscopy  is  in  progress. 

By  using  the  MOBs  model,  we  have  demonstrated  that  a  perflubron/F6H10/EYP 
emulsion  allows  better  normothermic  aerobic  preservation  of  perfused  organs  for 
150  minutes  than  a  50%  v/v  blood  and  Krebs  mixture.  As  oxygen  is  simply 
dissolved  in  the  fluorocarbon  emulsion  and  not  chemically  bound  as  in 
hemoglobin  [9],  oxygenation  of  the  organs  is  possible  even  at  low  temperatures. 
Work  is  underway  to  determine  if  survival  of  ex~vivo  MOBs  will  be  improved  by 
decreasing  the  temperature.  Since  continuous  aerobic  preservation  is  theorically 
one  means  of  obtaining  truly  long  term  preservation  [1],  and  since  recent 
fluorocarbon  emulsions  seem  to  be  the  best  way  of  aerobic  perfusion  of  organs 
[10, 1 1],  more  research  is  warranted  in  this  field. 
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ORGAN  PRESERVATION  WITHOUT  EXTREME  HYPOTHERMIA  USING  AN 
OXYGENT^”  SUPPLEMENTED  PERFUSATE 

L.  Brasile,  P.  DelVecchio,  K.  Amyot,  C.  Haisch,  and 
J.  Clarke;  VEC  TEC,  Inc.,  Schenectady,  NY;  Albany  Medical 
College,  Albany,  NY;  and  East  Carolina  University, 
Greenville,  NC,  USA 

Abstract:  All  methods  of  organ  preservation  depend  upon 
hypothermia  to  depress  metabolism  during  storage.  Yet, 
hypothermia  may  represent  the  rate-limiting  factor  in 
organ  preservation.  A  new  perfusate  has  been  developed 
which  supports  organ  preservation  without  extreme 
hypothermia.  The  perfusate  consists  of  a  complex  fluid 
supplemented  with  an  oxygen  carrying  perf luorocarbon 
emulsion,  Oxygent^”  (Alliance  Pharmaceutical  Corp, ) .  The 
perfusate  was«  used  to  preserve  canine  kidney  autografts 
using  pulsatile  preservation  at  32°C  and  static  storage 
at  25°C.  Upon  autografting  the  dogs  produced  urine  within 
minutes  of  reperfusion.  These  results  indicate  the  new 
perfusate  may  have  significant  potential  in  organ 
preservation  without  extreme  hypothermia. 

INTRODUCTION 

Early  attempts  at  preserving  kidneys  demonstrated  that 
warm  ischemia  (WI)  leads  to  tubule  damage  and  obstruction 
of  the  vasculature. [1,2, 3,4]  Hypothermic  conditions 
have  been  utilized  in  organ  preservation,  since  it  was 
demonstrated  that  hypothermia  reduced  the  kidneys  demand 
for  Oz  and  nutrients  by  reducing  the  metabolic  rate. [5] 
The  O2  consumption  is  reduced  by  more  than  95%  at 
4°C[6,7]  and  most  enzyme  systems  experience  a  two-fold 
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decrease  in  activity  for  every  10°C  that  the  temperature 
is  decreased. [8] 

However,  the  effect  of  hypothermia  on  a  graft  is  not 
benign.  Cold-induced  damage  results  in  edema,  loss  of 
barrier  function,  acute  tubular  necrosis,  vasospasm  and 
intracellular  acidosis. [9]  The  hypothermic  conditions 
may  actually  represent  the  rate-limiting  factor  in  organ 
preservation.  All  perfusates  used  clinically  have  been 
formulated  to  minimize  cold-induced  organ  damage. 

We  evaluated  if  an  Oxygent^”,  a  perflubron 
emulsion (perfluorooctyl  bromide,  PFOB)  supplemented 
perfusate  could  be  used  to  preserve  canine  kidneys  at  a 
temperature  range  of  25-32°C. 

MATERIALS  AND  METHODS 

Canine  Kidneys  -  The  left  kidneys  from  five  dogs  were 
nephrectomized  via  a  midline  incision.  The  renal 
arteries  were  cannulated  and  the  kidneys  were  flushed 
with  the  Oxygent  supplemented  perfusate  (20%  v/v) .  The 
basal  perfusate  consisted  of  a  complex  formula  containing 
more  than  60  ingredients,  including  amino  acids, 
carbohydrates,  colloids,  growth  factor  and  plasma 
proteins.  Prior  to  reimplantation,  the  intrinsic  kidney 
from  each  dog  was  nephrectomized. 

In  Vitro  Kidney  Preservation  -  A  total  of  four  kidneys 
were  preserved  with  pulsatile  perfusion  at  pressures 
averaging  62mmHg.  Kidneys  from  two  dogs  were  preserved  in 
the  new  perfusate  at  32°C  for  four  and  seven  hours  of  WI, 
respectively.  Controls  consisted  of  a  kidney  stored  in 
Oxygent  in  saline  (20%  v/v)  and  one  preserved  in  the 
basal  perfusate  without  Oxygent  at  32°C  for  four  hours. 
Flow  rates  were  in  the  range  of  60-100cc  per  minute 
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throughout  the  period  of  preservation.  The  fifth  kidney 
was  flushed  and  then  stored  submerged  in  an  airtight 
container  filled  with  the  Oxygent  supplemented  perfusate 
at  25®C  for  four  hours. 

Autotransplantation  -  The  kidneys  were  autotransplanted 
on  the  abdominal  aorta  and  inferior  vena  cava  of  the  dog. 
The  vascular  reconstruction  consisted  of  an  end  to  side 
anastomosis  of  the  renal  artery  to  the  aorta  and  the 
renal  vein  to  the  vena  cava. 

RESULTS 

Preservation  Characteristics  -  Both  kidneys  pumped  in  the 
Oxygent  supplemented  perfusate,  demonstrated  good 
preservation  parameters;  including  stable  pressures  and 
flow  rates.  The  flow  dynamics  were  comparable  in  the  two 
kidneys  preserved  in  the  Oxygent  supplemented  perfusate 
for  the  two  time  points,  namely  four  &  seven  hours  at 
32®C  (Table  I) .  No  edema  was  detected. 

The  control  kidney,  preserved  in  the  basal  perfusate 
without  Oxygent  demonstrated  similar  flow 
characteristics.  However,  this  kidney  developed  a 
splotchy  appearance.  The  control  kidney  preserved  in  a 
solution  consisting  of  Oxygent  in  saline  demonstrated 
poor  flow  dynamics  and  substantial  edema  after  two  hours 
of  preservation  (Table  I)  .  Due  to  the  poor  flow  dynamics 
and  the  edema,  the  control  kidney  in  Oxygent  plus  saline 
solution  could  not  be  transplanted. 

Autotransplantation  -  All  four  dogs  produced  urine  within 
minutes  of  reperfusion,  exhibiting  normal  turgor  and 
pulse.  However,  the  three  kidneys  preserved  with  the 
Oxygent  supplemented  perfusate  demonstrated  superior 
reperfusion.  The  dogs  continued  to  produce  urine 
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TABLE  I  -  PUMPED  KIDNEYS 

Dog  Perfusate _ Storage  IVR*  Histology _ 

1  +  Oxygent  4hrs.  3.04  Normal 

2  +  Oxygent  7hrs.  3.00  Normal 

3  Basal  Alone  4hrs.  5.08  Inf iltration~PMN ' s 

4  Oxvgent+Saline  4hrs.  0.32  Glomeruli  Damage/  Edema 

*IVR  -  Intrarenal  Resistance  =  Mean  Pressure 

Mean  Flow  Rate 


throughout  the  posttransplant  period.  At  24  hours  all 
four  dogs  exhibited  elevated  serum  creatinine  values 
(Figure  1) .  In  the  three  dogs  autotransplanted  with  a 
kidney  preserved  in  the  Oxygent  supplemented  perfusate, 
this  rise  in  serum  creatinine  was  transient.  The  serum 
creatinine  values  in  these  three  dogs  returned  to  near 
preoperative  values  and  the  respective  dogs  were 
euthanized  once  the  function  of  the  kidneys  was 
established.  In  the  dog  autotransplanted  with  the  kidney 
preserved  with  perfusate  lacking  Oxygent  supplementation, 
the  creatinine  continued  to  rise.  On  day  four,  the  dog 
was  euthanized  when  the  serum  creatinine  level  was 
greater  than  8.0  mg/dL. 

Histology  -  The  control  kidney  stored  in  Oxygent  in 
saline  and  not  transplanted  due  to  unacceptable  flow 
characteristics,  demonstrated  dilated  glomerular 
capillaries,  dilated  blood  vessels  as  well  as 
interstitial  edema  upon  histologic  evaluation.  The 
second  control  kidney  preserved  in  the  basal  perfusate 
without  Oxygent,  was  found  to  have  a  wide  band  of 
interstitial  infiltration  of  PMN  in  the  cortex, 
indicative  of  a  reperfusion  injury. 
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SERUM  CREATIRINE  VALUES 


Figure  1 

#  Oxygent  supplemented  perfusate  for  4  hours  -  simple  static 
storage 

O  Oxygent  supplemented  perfusate  for  4  hours 


■  Oxygent  supplemented  perfusate  for  7  hours 
A  Basal  perfusate  alone 
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The  kidneys  preserved  in  the  Oxygent  supplemented 
perfusate  were  found  to  be  overall,  well  preserved 
without  evidence  of  PMN  infiltration.  The  Oxygent 
supplemented  perfusate  appeared  to  provide  better 
preservation  in  that  there  was  no  evidence  of  reperfusion 
injury,  superior  reperfusion  was  observed  and  better 
postoperative  serum  chemistries  were  demonstrated. 


DISCUSSION 

The  results  of  this  preliminary  study,  suggest  that  organ 
preservation  without  extreme  hypothermia  is  feasible. 
The  new  perfusate  has  been  formulated  to  support  the 
metabolism  of  a  whole  organ,  rather  than  to  diminish  or 
control  the  detrimental  effects  of  hypothermia.  The 
kidneys  preserved  in  this  new  perfusate  did  not  develop 
vasospasm,  edema  or  severe  tubular  necrosis. 


The  benefits  of  warmer  temperature  [18“32°C]  organ 
preservation  are  substantial.  The  membrane  phospholipids 
would  be  in  a  more  normal  fluid  state  and  would 
facilitate  the  uptake  and  transport  of  available  oxygen 
across  the  membrane.  We  believe  the  further  development 
of  this  technology  may  present  the  opportunity  to  provide 
organ  preservation  with  metabolic  support. 


REFERENCES 

1)  N.S.  Frega,  D.R.  DiBona,  B.  Gaerther  and  A.  Leaf: 

Kidney  Int  10:17,  (1976) 

2)  E.E.  SelKurt  and  M.J.  Elpers:  Amer  J  Phys 
205:147,(1963) 

3)  J.D.  Conger,  J.B.  Robinette  and  R.W.  Schrier:  J  Clin 

Invest  82:532,  (1988) 

4)  H.L.  Sheehan  and  J.C.  Davis:  J  Path  Bact  78:105,1959) 

5)  R.J.  Bickford  and  F.R.  Winton:  J  Phys  89:198,(1937) 

6)  M.  Levy:  Am  J  Phys  197:1111,  (1959) 

7)  F.A.  Fuhrman:  In  the  Physiology  of  Induced 
Hypothermia,  Pub  451,  Natl  Acad  Sci-Nat  Res  Council: 
Washington,  (1956),  pg  50 

8)  R.A.  Zager,  D.J.  Gmur,  C.R.  Bredl  and  M.J.  Eng:  Cir 

Res  65:1263,  (1989) 

9)  P.W.  Hochachka  and  T.P.  Mommsen:  Science  219:1391, 
(1983) 


ART.  CELLS,  BLOOD  SUBS.,  AND  IMMOB.  BIOTECH.,  22(4),  1469-1475  (1994) 


POSTMORTEM  ORGAN  SALVAGE  USING  AN  OXYGENT^”  SUPPLEMENTED 

PERFUSATE 
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Abstract:  The  world-wide  shortage  of  organs  for  clinical 
transplantation  is  caused  by  the  limited  existing  donor 
pool  of  heartbeating  cadavers.  Attempts  to  expand  into 
the  nonheartbeating  cadaver  population  have  been  hindered 
by  warm  ischemic  damage.  We  evaluated  if  a  new  Oxygent^” 
(Alliance  Pharmaceutical  Corp.)  supplemented  perfusate 
could  be  used  to  salvage  canine  kidneys  postmortem.  The 
kidneys  preserved  in  the  Oxygent  perfusate  could  be 
maintained  in  situ  for  time  points  ranging  from  one  - 
eight  hours  postmortem;  enough  time  to  declare  death  and 
obtain  consent  for  organ  donation.  In  contrast,  the 
control  kidneys  yielded  abnormal  histologic  findings  and 
impaired  flow  dynamics.  These  results  suggest  the  new 
perfusate  may  have  significant  potential  to  expand  the 
existing  organ  donor  pool. 

INTRODUCTION 

The  most  limiting  factor  today  in  organ  transplantation 
is  the  shortage  of  organs. [1]  The  shortage  of  organs  can 
be  attributed  to  the  limited  donor  pool  consisting  of 
heartbeating  cadavers  (HBCD) .  A  HBCD  is  brain  dead  while 
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being  maintained  on  life  support  systems.  HBCD  represent 
a  small  fraction  of  the  traumatic  death  population. 

The  ability  to  procure  organs  from  nonheartbeating 
cadavers  (NHBCD)  could  increase  the  supply  by  as  much  as 
ten-fold.  [2]  Patients  who  die  at  the  site  of  an  accident 
or  who  have  a  short  post-injury  survival  cannot  be  used 
routinely  as  organ  donors. [3,4]  Current  approaches  used 
to  expand  into  the  NHBCD  population  have  focused  on 
patients  who  succumb  in  a  hospital  setting  within  a  few 
minutes  of  death. [5,6]  Until  the  damaging  effects  of 
warm  ischemia  can  be  alleviated  the  donor  pool  cannot  be 
substantially  expanded. 

We,  therefore,  evaluated  if  an  Oxygent^”,  a  perflubron 
emulsion  (perf luorooctyl  bromide,  PFOB)  supplemented 
perfusate  could  be  used  postmortem  to  salvage  organs  and 
to  preserve  them  in  situ  for  a  period  of  time  long  enough 
to  obtain  consent  from  next  of  kin. 

MATERIALS  AND  METHODS 

Kidney  Dissections  -  Conditioned  mongrel  dogs  were 
euthanized  by  lethal  injection.  After  warm  ischemic 
times  ranging  from  15  to  45  minutes,  a  mid-line  incision 
was  made  and  a  cannula  was  placed  in  the  aorta  above  the 
left  renal  artery.  A  second  cannula  was  placed  in  the 
vena  cava  above  the  right  renal  vein.  The  aorta  and  vena 
cava  were  crossed  clamped  below  the  kidneys. 

In  situ  flushing  -  The  perfusate  consisted  of  more  than 
60  ingredients,  including:  amino  acids,  carbohydrates, 
colloids,  lipid,  growth  factor  and  plasma  proteins  which 
was  supplemented  with  20%  (v/v)  Oxygent.  Approximately 
250CC  of  the  perfusate,  warmed  to  32°C,  was  used  to  flush 
the  kidneys  in  10  dogs.  The  kidneys  were  stored  in  situ 
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without  artificial  cooling  for  time  periods  ranging  from 
one  to  eight  hours  postmortem,  without  recirculation. 
All  testing  was  performed  in  duplicate.  Kidneys 
receiving  no  treatment  and  kidneys  stored  in  ViaSpan^'^  at 
4°C  were  used  as  controls. 

In  Vitro  Preservation  -  The  kidneys  were  further 
preserved  in  vitro  to  determine  viability.  The  kidney's 
were  perfused  with  the  Oxygent  supplemented  perfusate  at 
32°  on  the  MOX-lOO  preservation  system  for  an  additional 
three  hours.  The  kidneys  were  fixed  in  formaldehyde  and 
sectioned  for  blinded  histologic  evaluation. 

RESULTS 

Kidneys  Preserved  in  the  Oxygent  Supplemented  Perfusate 
All  kidneys  stored  in  situ  with  the  Oxygent  supplemented 
perfusate  could  be  reflushed  and  pumped  (Table  I) .  Even 
30  -  45  minutes  of  warm  ischemia,  followed  by  in  situ 
preservation,  provided  acceptable  flow  dynamics.  The 
histologic  findings  indicated  the  kidneys  were  well 
preserved  with  intact  microvessels. 

Control  Kidneys 

1.  No  Treatment  -  The  kidneys  experiencing  60  minutes  of 
warm  ischemia  without  treatment,  demonstrated  focal 
dilated  capillaries.  Bowman's  spaces  and  tubules  (Table 
II) .  Interstitial  edema  was  found  in  all  parts  of  the 
tubules.  At  two  hours  of  warm  ischemia,  the  vasculature 
was  occluded  (Table  II)  .  The  histological  findings 
indicated  extensive  glomerular  damage  in  the  cortex  of 
the  kidney  along  with  tubular  necrosis  throughout  the 
medulla. 

2 .  ViaSpan^”  Preserved  Kidneys  -  These  control  kidneys 
provided  a  base  line  of  state-of-the-art  preservation. 
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In  Situ 

Table  I  - 

IVR* 

Test  Kidneys 

Histoloav 

Ihr 

0T=  4.3,lhr=5.2 

Normal 

2hr=5 . 3 , 3hr=5 . 3 

2hr 

OT=  1.3,lhr=0.8 

Normal 

2hr=0.9,3hr=l.l 

3hr 

0T=  4.8,lhr=3.6 

Normal  glomeruli, slight 

(30'WI) 

2hr=2.4,3hr=2.4 

tubular  dilation 

5hr 

0T=  4.8,lhr=1.7 

Normal 

2hr=1.7,3hr=1.9 

8hr 

0T=  1.7,lhr=5.5 

Normal  glomeruli,  vacuoles  in 

2hr=4 . 5 . 3hr=4 . 5 

straiaht  tubules 

*IVR“Intrarenal  Resistance^  Mean  Pressure 


Mean  Flow  Rate 


Table  II  -  Control  Kidneys 


Method 

IVR* 

Histoloav 

Postmortem ( Ihr ) 

5.0 

Dilated  glomeruli  & 

tubules. 

(No  Treatment) 

interstitial  edema 

Postmortem ( 2hr ) 

Occluded 

Glomerular  swelling. 

(No  Treatment) 

tubular  karyolysis 

ViaSpan^”  0T= 

15 , lhr=5 . 8 

Dilated  tubules,  edema 

2hr= 

=6.0,3hr=6.2 

ViaSpan^” 

No  Flow 

Hypercellular  glomeruli  & 

r3hr  in  situ) 

tubules 

*IVR  “  Intrarenal  Resistance=Mean  Pressure 


Mean  Flow  Rate 
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However,  even  in  the  kidneys  with  no  warm  ischemia  the 
histologic  findings  identified  dilated  tubules  along  with 
focal  edema  within  the  medulla  of  the  kidney  (Table  II) . 
Tubule  damage  is  a  common  side  effect  in  the  hypothermic 
preservation  of  kidneys. 

When  ViaSpan  at  4°C  was  used  as  a  control  for  the  in  situ 
preservation  experiments  very  different  results  were 
obtained.  The  flow  dynamics  were  unacceptable  with 
pressures,  which  could  not  be  regulated,  in  excess  of 
140mmHg.  The  histologic  findings  from  these  kidneys 
indicated  extensive  glomerular  damage  along  with  severe 
tubule  damage  throughout  the  kidneys  (Table  II) . 

DISCUSSION 

The  damaging  effects  of  warm  ischemia  have  been  discussed 
in  many  studies. [3,4,7,8,9,10,11]  Warm  ischemia 
represents  the  major  obstacle  in  expanding  the  organ 
donor  pool  into  the  NHBCD  population.  The  new  Oxygent 
supplemented  perfusate  was  used  to  preserve  kidneys  in 
situ  for  time  periods  up  to  eight  hours  postmortem. 
Eight  hours  of  in  situ  preservation  represents  a 
reasonable  time  frame  to  obtain  consent  from  next-of-kin 
for  organ  donation.  The  histological  findings  indicated 
the  kidneys  were  well  preserved  with  normal  glomeruli 
throughout  the  period  of  in  situ  preservation.  The  only 
tubular  damage  detected  was  vacuoles  which  did  not 
develop  in  the  kidneys  until  almost  of  eight  hours  of  in 
situ  preservation. 

In  contrast,  the  control  kidneys  yielded  abnormal 
histologic  findings.  Kidneys  stored  in  situ  with  cold 
ViaSpan  for  three  hours  at  4°C  could  not  be  adequately 
perfused,  demonstrating  unacceptable  flow  dynamics ,  after 
in  situ  preservation. 
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A  contributing  factor  in  the  successful  in  situ 
preservation  may  have  been  the  absence  of  severe 
hypothermia.  While  hypothermia  diminishes  the  metabolic 
rate  and  oxygen  consumption  in  a  preserved  allograft, 
cold-induced  damage  also  leads  to  vasospasm,  alterations 
in  permeability  and  tubular  necrosis. [12, 13, 14 , 15]  The 
ability  to  maintain  the  kidney  after  a  period  of  warm 
ischemia,  without  using  extreme  hypothermia,  may  present 
the  opportunity  to  expand  the  organ  donor  pool  into  the 
NHBCD  population,  if  in  situ  flushing  could  be  instituted 
within  the  first  hour  of  postmortem.  The  results  of 
these  preliminary  studies  suggest  that  an  Oxygent 
supplemented  perfusate  may  have  significant  potential  for 
expanding  the  existing  organ  donor  pool  into  the  NHBCD 
population. 
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REDUCING  MAGNETIC  SUSCEPTIBILITY  DIFFERENCES 
USING  LIQUID  FLUOROCARBON  PADS  (SAT  PAD™): 
RESULTS  WITH  SPECTRAL  PRESATURATION  OF  FAT. 
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ABSTRACT 

Although  the  magnetic  field  may  be  homogeneous,  the  positioning  of  a 
human  subject  in  the  bore  of  the  magnet  to  perform  imaging  studies  induces 
inhomogeneous  fields.  Least  effect  is  generated  when  the  object  is  cylindrical.  In 
regions  of  marked  contour  abnormalities  such  as  the  leg  to  foot  junction  and  trunk 
to  neck  or  neck  to  head,  the  inhomogeneity  can  be  so  dramatic  that  errors  in  fat 
saturation  occur  that  can  lead  to  misdiagnoses. 

This  manuscript  is  intended  to  explain  the  principle  of  magnetic 
susceptibility,  fat  saturation,  and  how  Sat  Pads  help  improve  magnetic  field 
homogeneity.  The  improved  homogeneity  results  in  higher  quality  MR  images, 
improved  homogeneous  fat/water  saturation  to  allow  for  true  anatomic 
representation. 

Magnetic  Resonance  (MR)  imaging  is  a  modality  that  utilizes  a  magnetic 
field  and  radio-waves  to  interact  with  hydrogen  atoms  (protons)  inside  the  body  to 
create  non-invasive  sectional  images  of  internal  organs  [1],  The  basic  and  most 
important  principle  upon  which  this  technique  relies  is  that  protons  will  respond  to 
a  specific  radio-frequency  dependent  upon  the  local  magnetic  field  strength  they 
experience.  Therefore,  to  properly  interact  with  specific  protons,  their  local 
magnetic  field  must  be  homogeneous  and  known.  When  a  linearly  ramped 
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FIGURE  1 :  Coronal  slices  at  the  level  of  the  spinal  canal  was  obtained  with  fat- 
suppression  prior  to  (A)  and  following  (B)  the  placement  of  the  ankle  Sat  Pad  using 
the  identical  scanning  techniques.  Note  the  regions  of  failed  fat- suppression 
(arrows  in  (A))  that  became  suppressed  when  the  Sat  Pad  was  in  place  (arrows  in 
(B)).  More  importantly,  without  the  Sat  Pad,  inappropriate  water  suppression  of 
the  sternocleidomastoid  muscle  occured  (curved  arrows  in  (A))  because  of  the 
inhomogeneity  in  the  field  at  the  sides  of  the  neck.  The  spinal  cord  was  also 
inappropriately  suppressed  (arrowhead  in  (A))  because  of  the  air  at  the  back  of  the 
neck.  These  areas  of  incomplete  or  inappropriate  suppression  were  corrected  when 
the  Sat  Pad  was  in  place. 
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FIGURE  2:  Axial  scans  obtained  at  the  level  of  a  hemangioma  in  the  neck  with  fat- 
suppression  prior  to  (A)  and  following  (B)  the  placement  of  the  ankle  Sat  Pad  using 
the  identical  scanning  techniques.  Note  the  regions  of  failed  fat-suppression 
(arrows  in  (A))  that  became  supppressed  when  the  Sat  Pad  was  in  place  (arrows  in 
(B)).  More  importantly,  without  the  Sat  Pad,  mild  but  inappropriate  water 
suppression  in  the  regions  of  the  mass  nearly  eliminated  its  signal  (curved  arrow  in 

(A) ).  The  mass  became  more  apparent  with  the  Sat  Pad  in  place  (curved  arrow  in 

(B) )  because  the  field  became  more  homogeneous  eliminating  inappropriate  water 
suppression. 
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FIGURE  3:  Axial  scans  were  obtained  at  level  of  the  mid  calcaneus  in  a  patient  with 
foot  pain  using  fat-suppression  prior  to  (A)  and  following  (B)  the  placement  of  the 
ankle  Sat  Pad  using  the  identical  scanning  techniques.  Note  the  regions  of  failed 
fat-suppression  (arrows  in  (A))  which  became  unifonnly  suppressed  with  the  Sat 
Pad  in  place  (arrows  in  (B)).  More  importantly,  note  that  inappropriate  water 
suppression  caused  the  swelling  in  the  ligaments  (curved  arrows  in  (A))  to  appear 
dark  and  more  difficult  to  detect.  When  the  field  was  made  more  homogeneous 
with  the  Sat  Pad,  complete  and  appropriate  suppression  occured  allowing  the 
detection  of  the  swollen  ligaments  (curved  arrows  in  (B)). 


Islirf 


lURE  3:  Continued 
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magnetic  field  is  applied,  (weaker  at  one  end  than  the  other),  specific  protons  can 
be  selected  by  delivering  a  radio-frequency  wave  containing  frequencies  at  which 
the  protons  of  interest  are  resonating  [2],  If  the  magnetic  field  is  not  uniform, 
errors  occur. 

The  2  most  important  populations  of  protons  in  the  body  are  those  of  water 
and  those  of  fat.  Despite  the  fact  that  a  fat  and  water  molecule  may  experience  the 
same  local  magnetic  field  strength,  fat  protons  will  respond  to  a  slightly  different 
frequency  than  those  of  water  because  of  minor  interference  within  the  molecule. 

It  is  possible  through  specialized  imaging  schemes  to  suppress  signal  from  the  fat 
or  the  water  protons  to  produce  a  water  or  a  fat  image.  Because  cancerous  and 
inflammatory  lesions  contain  a  relatively  larger  amount  of  water,  a  fat-suppressed 
image  (water  image),  increases  their  conspicuity.  Because  fat  is  bright  and  because 
abnormal  tissues  brighten  significantly  following  IV  contrast  injection,  fat- 
suppression  techniques  become  even  more  important  [3,4],  It  is  for  these  reasons 
that  fat-suppression  has  become  part  of  the  standard  MR  study. 

Efficient  fat-suppression,  which  is  achieved  by  delivering  a  radio-wave  at 
the  fat  proton  resonant  frequency,  should  decrease  the  fat  signal  uniformly 
throughout  the  slice.  Should  the  magnetic  field  be  inhomogeneous  within  the  slice, 
fat  protons  would  resonate  at  slightly  different  frequencies  causing  the  radio¬ 
frequency  pulse  to  affect  some  protons  and  not  others.  Regional  failures  leave  fat 
unsuppressed  which  remains  bright  leading  to  misinterpretation.  More 
importantly,  the  radio-frequency  pulse  that  missed  the  fat  proton  could  in  fact 
strike  the  water  proton  to  erroneously  suppress  water,  causing  further  confusion. 
Given  the  importance  of  the  fat  suppression  in  clinical  practice,  more  stringent 
requirements  have  been  placed  to  perfect  the  uniformity  of  the  magnetic  field. 

Magnetic  forces  (flux  lines)  in  a  cylindrical  magnet  travel  from  one  end  of 
the  cylinder  to  the  other  through  the  path  of  least  resistance.  In  an  empty 
homogeneous  magnet  the  flux  lines  remain  parallel  generating  a  uniform  magnetic 
field.  Because  tissues  conduct  magnetic  flux  differently  than  air  (different  magnetic 
susceptibility),  when  a  subject  is  placed  within  the  magnet,  the  field  becomes 
inhomogeneous  [5],  This  is  because  the  flux  lines,  preferring  to  travel  through 
tissues,  converge  to  the  tissue  away  from  air  causing  a  magnetic  field  gradient  at 
the  skin/air  interface  and  therefore  regional  magnetic  field  inhomogeneity  within  a 
selected  slice.  Where  the  body  is  cylindrical  the  magnetic  gradient  at  the  skin  is 
minimal  and  where  it  is  irregular  the  gradient  can  become  significant  and  can  reach 
greater  depth  within  the  tissue.  Areas  of  dramatic  variation  in  contour  exist  in  the 
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body  such  as  the  neck  and  head  region,  neck  and  trunk,  leg  and  foot,  etc.  which 
induce  gradients  and  cause  misregistration  and  more  importantly  non-uniform  fat 
suppression  [6], 

Neat  PFCs  have  a  susceptibility  similar  to  tissues.  When  tissues  are  bathed 
in  PFC,  no  magnetic  gradient  develops  at  the  tissue/PFC  interface  but  a  gradient 
would  exist  at  the  PFC/air  interface.  Thus  the  PFC  liquid  serves  to  displace  the 
gradient  away  from  the  skin  and  the  region  of  interest.  Although  a  similar  effect 
can  be  produced  by  water,  because  PFC  liquids  do  not  contain  protons,  PFCs  emit 
no  signal  remaining  invisible.  Because  it  is  impractical  to  submerge  body  parts  in 
liquid  PFCs,  pads  filled  with  PFC  (Sat  Pad™,  Alliance  Pharmaceutical  Corp.,  San 
Diego,  CA)  have  been  designed  to  contour  these  irregular  regions. 
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ABSTRACT 

Vesicles  are  being  investigated  as  drug  carriers,  especially  for  enhancing  the 
therapeutic  effectiveness  of  the  drug  while  minimizing  its  side  effects.  Drug 
targeting  can  be  achieved  if  there  is  a  specific  recognition  of  the  vesicle’s  outer  wall 
by  specific  cells.  With  these  objectives  in  mind  new  glycolipids  fitted  with 
fluorinated,  hydrogenated  or  mixed,  single  and  double-tails,  containing  either  a 
gluco-  or  a  galactopyranose  residue  in  their  hydrophilic  head,  were  synthesized  and 
their  ability  to  achieve  self-organized  supramolecular  systems  was  assessed. 
Replacement  of  hydrogen  by  fluorine  in  these  glycolipids  was  found  to  enhance 
biological  tolerance.  Thus,  a  fluorinated  single-tailed  glycolipid  displayed  no  action 
on  red  blood  cells  at  concentrations  as  high  as  50  g/1  while  its  hydrogenated  analog 
was  hemolytic  at  5  g/1. 100%  of  survival  was  obtained  one  month  after  intravenous 
or  intraperitoneal  injection  into  mice  of  isotonic  dispersions  of  single  and  double¬ 
tailed  glycolipids  at  a  dose  of  500mg/kg.  These  glycolipids  were  innocuous  on 
Namalva  cell  cultures  at  a  concentration  of  0.1  g/1. 
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INTRODUCTION 

Amphiphiles  with  perfluorinated  tails  have  potential  as  components  of  drug 
delivering  and  targeting  systems  [1].  Such  amphiphiles,  when  they  have  two 
perfluoroalkylated  hydrophobic  tails  were  shown  to  form  vesicles  and  other 
organized  supramolecular  assemblies  [2,  3].  Even  single  perfluoroalkylated  chain 
amphiphiles  were  recently  shown  to  readily  form  vesicles  [4].  Vesicles  made  from 
perfluoroalkylated  materials  tend  to  be  more  stable  than  those  made  of 
hydrogenated  analogs  [5].  Conceptually,  the  presence  of  a  fluorinated  hydrophobic 
and  lipophobic  termination  allows  the  building  of  an  impermeable  fluorinated  film 
within  the  membrane  double-layer.  This  was  indeed  shown  to  result  in  lesser 
permeability  of  the  membrane  to  a  lipophilic  probe  [3].  A  large  variety  of  well 
defined  fluorinated  amphiphiles  have  been  synthesized  and  evaluated  for  the 
purpose  of  serving  as  emulsion  stabilizers  as  well  as  membrane  components  and 
modifiers  [6].  Moreover,  such  amphiphiles  can  be  fitted  with  residues  that  allow 
the  recognition  of  the  vesicles  by  receptors  of  specific  tissues  for  the  purpose  of 
drug  targeting.  Glycosidic  structures  present  on  antibodies,  proteins,  hormones  or 
other  cells  can  be  recognized  by  membranar  lectins  [7].  Galactose,  N- 
acetylgalactosamine,  mannose,  and  mannose-6-phosphate  receptors  have,  for 
example,  been  identified  on  hepatocytes  and/or  cells  of  the  reticuloendothelial 
system.  Many  efforts  have  been  devoted  lately  on  grafting  saccharidic  moieties  on 
the  outer  surface  of  liposomes  in  order  to  achieve  specific  recognition  [8]. 

We  report  here  some  preliminary  data  on  the  biocompatibility  of  new 
amphiphiles  derived  from  gluco-  and  galactopyranose  heads  fitted  with  a 
hydrophobic  double  tail  consisting  of  one  fluorinated  chain  and  one  hydrogenated 
one.  Single  chain  analogs,  fluorinated  or  not,  and  hydrogenated  double-tailed 
compounds,  were  investigated  for  comparison. 

The  presence  of  a  short  polyol  segment  resulting  from  the  opening  of  the 
gluconolactone  ring  was  expected  to  improve  the  packing  of  the  hydrophilic  head  in 
the  outer  layer  through  hydrogen  bonding  and  consequently  to  increase  the  stability 
of  the  vesicles.  An  aminoacid  (Gly  or  Lys)  or  a  short  peptide  (Gly-Gly)  spacer  can 
be  interposed  between  the  hydrophilic  head  and  the  hydrophobic  tail  with  the 
purpose  of  controlling  the  hydrophilic-lipophilic  balance  (HLB).  Some  of  the 
hydrogenated  tails  were  fitted  with  terminal  double  bonds  to  allow  subsequent 
polymerization  and  stabilization  of  the  drug  carrying  vesicle.  Compounds  1-7  were 
prepared  from  maltono  or  lactonolactone  [9]  (Table  I). 
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TABLE  I :  Glycolipids  investigated,  1-7. 


compound 

R 

R2 

X 

la  p 

-D  -  Gal 

H 

C,Fi3CH2- 

— 

lb 

ft 

H 

CgF]?  CH2  — 

— 

1  c 

tf 

H 

CH2=CH  (CH2)8  - 

— 

2a 

ff 

H 

C,Fi3  CH2- 

CH2C(0)NH 

(Gly) 

2b 

If 

H 

CgFi7  CH2- 

CH2C(0)NH 

(Gly) 

3 

ti 

CH2  =  CH  (CH2)8  - 

CH3(CH2)n- 

— 

4a 

Tf 

CH2=CH  (CH2)8  - 

CH3(CH2)ii- 

CH2C(0)NH 

(Gly) 

4b 

ft 

CH3(CH2)ii- 

CH3(CH2)io- 

CH2C(0)NH 

If 

4  c 

ft 

CH3(CH2),- 

CgFi3(CH2)2- 

CH2C(0)NH 

If 

4d 

ff 

CH3(CH2)8- 

C8Fi7(CH2)2- 

CH2C(0)NH 

ff 

4  e 

ff 

CH2  =  CH  (CH2)8- 

C6Fi3(CH2)2- 

CH2C(0)NH 

fl 

4f 

ft 

CH2=CH  (CH2)8- 

C8Fi7(CH2)2  - 

CH2C(0)NH 

ff 

5a 

ft 

CH2=CH  (CH2)8- 

CH3(CH2)n  - 

CH2C(0)NH-CH 

2-  C(0)NH  - 
(Gly-Gly) 

5b 

ft 

CH3(CH2)g- 

CH2C(0)NH-CH 

2-C(0)NH- 

(Gly-Gly) 

6 

ft 

CH3(CH2)ioNHC(0)- 

CgFj7(CH2)2C(0)NH- 

■  (CH2), 

(Lys) 

7  a- 

D-  Glu 

CH2=CH  (CH2)8- 

CH3(CH2)n- 

CH2C(0)NH 

(Gly) 

MATERIALS  AND  METHODS 

Preparation  of  the  dispersions:  The  single-tailed  glycolipids,  fluorinated  or 
not,  la-2b,  (Table  I),  were  dispersed  by  simple  shaking  in  water.  The  double 
tailed  glycolipids,  3-7,  were  dispersed  either  by  shaking  or  by  sonication  using  a 
Branson  B30  sonicator  (7  mm  probe,  50  %  pulsed,  power  7,  room  temperature). 
Freeze-Fracture  Electron  Microscopy  :  A  droplet  of  sample  was  deposited 
on  a  thin  copper  holder,  quenched  in  liquid  propane  and  fractured  in  vacuo  (<  10*^ 
Torr)  with  a  liquid  nitrogen  cooled  knife  (Balzers  30°  freeze-etching  unit).  The 
replication  was  performed  with  Pt-C  unidirectional  shadowing;  the  mean  thickness 
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of  the  metal  deposit  was  of  ca  1.5  nm.  The  replicas  were  washed  with  methanol 
and  distilled  water,  and  observed  on  a  Philips  EM301  electron  microscope.  The 
contrast  is  related  to  the  thickness  fluctuations  of  the  metal  deposit. 

Biological  tests  :  The  hemolytic  activity  of  the  glycolipids  on  human  red  blood 
cells  [10]  and  their  cytotoxicity  on  Namalva  cell  cultures  [11]  were  determined  as 
reported  in  the  literature. 

In  vivo  toxicity  was  assessed  by  injecting  500  ill  of  an  isotonic  dispersion  of  the 
amphiphile  to  be  tested,  into  the  tail  vein  or  intraperitoneally  into  10  OFl  male  mice 
of  20-25  g.  The  growth  of  the  animals,  compared  to  controls,  and  any  signs  of 
toxicity,  were  recorded  over  a  one  month  observation  period. 

RESULTS  AND  DISCUSSION 

All  the  glycolipids  tested  were  found  to  form  supramolecular  structures 
[12],  including  the  single-chain  perfluoroalkylated  compound  lb,  which  gives 
helical  arrangements,  but  not  the  single-chain  hydrogenated  compound  Ic,  which 
formed  only  micelles  [13].  The  nature  of  the  assemblies  formed  depends 
dramatically  on  the  nature  of  the  amino  acid  spacer.  Compound  3  was  not 
dispersible.  Introduction  of  a  glycine  spacer,  (compounds  2,  4  and  7)  improved 
dispersibility.  Compounds  4a-4f  and  7  readily  formed  stacked  lipid  bilayers 
which  could  be  transformed  into  vesicles  by  sonication.  Compounds  5a-5b  with  a 
glycyl-glycyl  spacer  produced  clear  bluish  dispersions  by  simple  handshaking,  i.e. 
without  need  for  sonication.  These  dispersions  consist  of  single-walled  vesicles,  as 
shown  by  freeze  fracture  electron  microscopy  (figure  1).  Compound  2b  gives 
disk-like  assemblies  rather  than  vesicles.  Vesicles  made  from  glycolipid  amphiphile 
4a  proved  to  be  stable  to  heat  sterilization  (121°C,  15min,  15  psi).  These 
dispersions  remained  stable  for  at  least  1  month  at  room  temperature  as  indicated  by 
laser  light  scattering  measurements  of  particle  sizes. 

Preliminary  biological  tests  performed  on  aqueous  dispersions  of  the  new 
glycolipid-derived  amphiphiles  include  cytotoxicity  evaluation  on  Namalva  strain 
cell  cultures,  in  vitro  interaction  with  human  red  blood  cells  and  in  vivo  acute 
toxicity  in  mice.  Comparative  studies  underline  the  favorable  contribution  of  the 
presence  of  a  fluorinated  chain  to  the  biocompatibility  of  the  glycolipid  molecules. 

Injection  of  about  0.5  ml  of  a  dispersion  of  compound  2b  in  0.9%  aqueous 
NaCl  was  performed  via  the  tail  vein  of  10  mice  ;  this  corresponds  to  a  625  mg/kg 


DOUBLE-TAILED  PERFLUORO ALKYLATED  GLYCOLIPIDS 


1489 


FIGURE  1  :  Freeze-fracture  electron  micrograph  of  a  non-sonicated  dispersion  of 
compound  5b  (27300  X). 


body  weight  dose.  Intraperitoneal  injection  in  mice  (25  ml/kg  ;  500mgA:g  bw,  n  = 
10)  was  achieved  with  isotonic  aqueous  dispersions  of  compounds  4a,  4e,  4f. 
All  the  animals  survived  ;  their  growth  and  behavior  were  normal  throughout  the  30 
days  following  the  injection. 

An  important  observation  is  that  the  F-alkyl  chain  reduces  considerably  the 
hemolytic  activity  of  the  amphiphiles.  Aqueous  solutions  of  the  fluorinated 
amphiphiles  la,  lb,  2a,  2b  were  innocuous  to  human  red  blood  cells  at  a 
concentration  of  50  g/1.  On  the  contrary,  compound  Ic,  the  hydrogenated  analog  of 
lb,  was  as  hemolytic  as  distilled  water  (100%  hemolysis)  at  a  ten-fold  lower 
concentration  (5g/l).  It  is  also  noteworthy  that  polymerisation  of  the  hydrogenated 
glycolipid,  Ic,  led  to  polymerized  micelles  [13]  which  are  no  longer  hemolytic  (0% 
of  hemolysis  at  50gA). 

Cell  cultures  are  generally  exquisitely  sensitive  to  surfactants  and 
impurities.  Cell  cultures  of  the  Namalva  lymphoblastoid  strain  were  used  to  assess 
direct  cell  toxicity.  The  isotonic  aqueous  dispersions  of  the  highly  surface  active 
compounds  lb,  2a,  2b,  4a,  4e,  4f  at  0.1  g/1  did  not  affect  the  growth  and 
viability  of  Namalva  cell  cultures  after  incubation  for  4  days  at  37°C  and  by 
comparison  to  controls. 

These  preliminary  biological  tests  being  encouraging,  the  potential  of  these 
vesicles  for  drug  encapsulation,  delivery  and  targeting  is  now  being  investigated. 
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EFFICACY  OF  IMAGENT®  BP  AT  1.5ML/KG 
IN  A  RABBIT  LIVER  TUMOR  MODEL 
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Dickinson  St.,  San  Diego,  CA  92103  and  Colorado  State  University  (2),  300 
West  Drake  Road,  Fort  Collins,  Colorado  80523, 

ABSTRACT 

We  have  shown  using  a  Vx2  rabbit  model  that  3  and  5ml/kg  of  perflubron 
emulsion  were  highly  effective  in  imaging  liver  tumors.  The  results  from 
preliminary  clinical  trials  suggested  that  should  the  infusion  rate  be  increased,  a 
1.5ml/kg  may  be  efficacious.  This  study  determined  whether  1.5ml/kg  given  as  a 
bolus  IV  would  be  efficacious  to  image  liver  tumors  using  a  Vx2  rabbit  model. 

Vx2  tumors  were  implanted  in  5  NZW  rabbits,  CT  of  the  liver  was  performed 
during  held  expiration  at  80kV  and  SOOmAS,  before  and  shortly  after  1.5ml/kg 
Imagent®  BP  (ImBP),  again  at  30  minutes  and  3  days.  Regions  of  interest  (ROIs) 
were  drawn  over  the  CT  image  of  the  spleen,  liver,  inferior  vena  cava,  and  tumor, 
CT#  obtained  and  average  enhancement  of  each  tissue  calculated  at  each  time 
point.  4  animals  had  tumors  .5cm  or  greater.  Precontrast,  tumors  were  faintly  seen 
on  CT.  Blood  was  brighter  than  liver  shortly  after  infusion  and  isointense  with  liver 
at  30  minutes.  Tumors  did  not  enhance  following  contrast.  Except  for  the  liver  and 
spleen,  all  tissues  returned  to  baseline  on  the  3rd  day.  Therefore  a  clinical  trial  to 
determine  the  efficacy  of  1.5ml/kg  ImBP  to  image  the  liver  is  warranted. 

INTRODUCTION 

We  have  shown  using  a  Vx2  rabbit  model  that  3  and  5ml/kg  of  perflubron 
(perfluorooctyl  bromide)  emulsion  were  highly  effective  in  imaging  liver 
tumors[L2]  The  major  advantage  of  the  radiopaque  fluorocarbon  emulsion  as  a  CT 
contrast  agent  is  its  long  intravascular  dwell  time.  The  resultant  effect  is  tissue 
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Figure  1  Tissue  Enhancement  with  Imagenf  BP 

Effect  of  1.5ml  (1.35g)  /kg 
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Figure  2  Tissue  Enhancement  with  Imagenf  BP 

Effect  of  1.5ml  (1.35g)  /kg 


FIGURES  1  &  2:  Shown  here  in  figures  1  and  2,  are  the  tissue  enhancement  levels 
achieved  following  L5ml/kg  ImBP.  Note  that  blood  was  brighter  than  liver  shortly 
after  infusion  and  became  isointense  with  liver  at  30  minutes  and  returned  to 
baseline  at  3  days.  Tumors  did  not  enhance  at  any  point  after  infusion.  Liver 
enhancement  was  nearly  constant  over  the  30-min  imaging  window  and  almost 
returned  to  baseline  at  3  days.  Spleen  enhanced  similar  to  liver  shortly  after 
infusion  but  remained  markedly  enhanced  at  3  days. 
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FIGURE  3:  Shown  Pre  (A)  and  (C)  (arrows)  and  shortly  after  infusion  of  1.5ml/kg 
ImBP  (B)  and  (D)  (arrows),  are  two  separate  nodules  confirmed  on  the  gross 
specimen  (E).  Arrow  and  curved  arrows  in  E  corresponds  to  nodules  seen  in  A/B 
and  C/D  respectively.  Note  that  lesions  could  not  be  seen  before  contrast.  They 
became  evident  shortly  after  infusion  and  at  30  minutes  and  3  days  (not  shown). 
The  size  of  each  nodules  is  approximately  5mm  (A/B)  and  7mm  (C/D). 


(continued) 


enhancement  that  is  linearly  related  to  the  tissue's  blood  content. l3l  Because 
tumors  have  little  blood  volume  they  enhance  minimally  with  blood  pool 
contrast.  t4]  Given  that  there  is  RE  uptake,  the  liver  enhances  by  selectively 
accumulating  the  agent  and  because  of  its  large  blood  volume  (30%  by  volume). [5l 
The  effect  is  thus  to  enhance  the  normal  liver  to  a  far  greater  extent  than  tumor. t4l 
The  results  from  clinical  trials  suggested  that  should  the  infusion  rate  be  increased 
from  3  to  30ml/min,  a  1.5ml/kg  may  be  efficacious. A  slow  infusion  rate 
decreases  the  persistence  in  blood  diminishing  the  efficacy  of  blood  pool 
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FIGURE  3:  Continued 
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FIGURE  4:  Shown  Pre  (A),  shortly  after  infusion  of  1.5ml/kg  ImBP  (B),  and  30 
minutes  later  (C)  is  a  multinodular  tumor  faintly  seen  before  contrast  (aiTow)  (A). 
After  contrast  not  only  does  the  tumor  become  more  apparent  (arrow)  (B)  and  (C), 
but  its  nodular  appearance  becomes  more  evident  and  its  margin  with  liver  more 
clearly  defined.  Note  that  blood  which  was  barely  darker  than  liver  before  contrast 
(curved  an*ow)  (A),  becomes  brighter  than  liver  shortly  after  infusion  (curved 
arrow)  (B)  and  as  bright  as  liver  at  30  minutes  (curved  arrow)  (C). 


enhancement.  Because  at  slow  infusion  rate  there  is  rapid  RE  uptake,  and  because 
of  the  preferential  uptake  by  the  spleen  of  the  formulation  used  in  the  clinical  trial, 
mild  liver  enhancement  occurred.  In  this  study  we  aimed  to  determine  whether 
l.Sml/kg  of  Imagent®  BP  (ImBP)  (Alliance  Pharmaceutical  Corp.,  San  Diego) 
given  as  a  bolus  would  be  efficacious  to  image  liver  tumors  in  a  Vx2  rabbit  model. 

MATERIALS  AND  METHODS 

Vx2  carcinoma  was  implanted  percutaneously  under  ultrasound  guidance  in 
the  inferior  lobe  of  the  liver  in  5  New  Zealand  White  rabbits.  When  the  tumor 
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became  visible  on  sonograms,  approximately  14  to  21  days  after  implantation,  CT 
of  the  liver  was  performed.  Animals  were  anesthetized  and  intubated  and  CT  scans 
obtained  during  held  expiration  by  hyperventilating  between  each  scan  and  turning 
the  ventilator  off  at  the  end  of  the  expiratory  cycle  during  the  4-sec  scanning 
period.  CT  of  the  right  inferior  lobe  of  the  liver  was  performed  using  80kV, 

200mA,  4sec  scan  time,  13  cm  FOV,  512x512  matrix,  and  1.5mm  slice  thickness 
obtained  every  5mm.  Following  the  baseline  CT,  repeat  scan  of  the  entire  lobe  of 
the  liver  was  performed  shortly  after  the  administration  of  a  bolus  of  1.5ml/kg 
Imagent®  BP  (Alliance  Pharm.  Corp.,  San  Diego,  CA,  formulation  AF0104  lot 
ZY12019),  and  then  again  at  30  minutes  and  3  days.  Since  ImBP  is  a  90%  w/v 
emulsion,  each  animal  received  1.35g/kg. 

Following  the  3-day  CT  scan,  rabbits  were  sacrificed  with  an  overdose  of 
pentobarbital.  The  right  inferior  lobe  of  the  liver  was  removed,  sliced  axially  and 
photographed  for  correlation. 

Using  the  display  program  of  the  CT  scanner,  a  region  of  interest  (ROI) 
was  drawn  over  the  spleen,  liver,  blood  pool  (inferior  vena  cava),  and  liver  tumor 
and  average  attenuation  (CT  #)  was  obtained  for  each  tissue.  The  average 
enhancement  of  each  tissue  at  each  time  point  was  calculated  by  subtracting  the 
baseline  value  from  the  value  obtained  at  each  time  point  and  the  value  obtained 
was  grouped  for  all  5  rabbits.  All  data  is  shown  as  Mean  ±  S.E.M. 

RESULTS 

Of  the  five  animals  implanted  with  VX2,  four  had  tumors  0.5cm  or  greater 
at  the  time  of  the  CT  scan.  The  fifth  animal  had  an  anomalous  extension  of  a 
transverse  fissure  superior  to  the  kidney  which  contained  fat  and  appeared  as  a 
tumor  on  the  preliminary  sonogram.  CT  scans  at  baseline  showed  the  tumor  faintly 
in  4  of  the  5  animals,  but  did  not  accurately  depict  the  size  or  appearance  of 
tumors.  Since  the  baseline  study  suggested  a  tumor  in  the  normal  animal,  there  was 
therefore  1  false  positive  and  1  false  negative  study.  Following  infusion,  all  tumors 
became  apparent,  their  size  and  appearance  clearly  depicted.  The  linear  appearance 
of  the  defect  in  the  rabbit  with  an  anomalous  fissure  became  clear  and  allowed  its 
recognition  as  such  in  prospect.  Thus  CT  following  1.5ml/kg  perflubron  emulsion 
infusion,  had  no  false  positives  or  false  negatives. 
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CONCLUSION 

CT  following  the  administration  of  1.5  ml  (1.3 5g)  /kg  of  Imagent®  BP 

enhanced  blood  and  liver  significantly  to  allow  the  detection  of  liver  tumors  in 

rabbits.  Although  no  rim  enhancement  was  observed  as  was  seen  at  higher 

dosages, [1,2]  tumors  were  easily  detected  within  the  30-minute  imaging  window. 

Given  this  efficacy  in  animals,  clinical  trial  at  this  dosage  is  warranted. 
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ABSTRACT 

The  accurate  quantitation  of  liver  tumor  burden  and  visualization  of  lesions 
in  three  dimensions  (3D)  can  assist  in  treatment  planning  and  can  allow  monitoring 
of  therapy.  Previous  attempts  have  used  CT  and  standard  contrast  media. 

Because  the  iodinated  agents  rapidly  diffuse  into  tumors,  usually  effacing,  and  at 
time  enhancing  tumor  edges,  they  decrease  accuracy  and  make  image  segmentation 
difficult.  CT  portography  suffers  from  flow  related  artifacts  and  does  not  allow 
the  distinction  of  tumors  from  hemangiomas.  Blood  pool  contrast  is  ideal  in  this 
setting  since  it  enhances  liver,  liver  vessels  and  hemangiomas,  but  not  tumors, 
'physiologically'  splitting  the  image  into  normal  and  abnormal  tissues.  This 
ongoing  study  assesses  the  feasibility  of  this  technique  to  visualize  tumor  and 
presents  a  scheme  to  automatically  quantitate  tumor  volume.  It  utilized  a  rabbit 
VX2  liver  tumor  model  and  CT  scanning  shortly  after  the  infusion  of  3  ml/kg 
perflubron  emulsion.  Cut  sections  of  the  frozen  carcass  served  as  gross  pathologic 
correlation.  Images  were  imported  onto  a  Sparc  workstation,  3D  reformatted  and 
tumor  and  liver  volume  calculated.  Histograms  of  pixel  intensity  clearly  separated 
tumors  from  liver  and  liver  from  surrounding  structures  allowing  the  easy 
demarcation  of  tumor  and  liver  margins. 
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INTRODUCTION 

The  high  prevalence  of  colorectal  neoplasia,  accounting  for  the  second 
highest  cause  of  death  from  cancer,  and  their  predilection' to  metastasize  to 
liver,[l]  has  made  the  liver  one  of  the  more  important  organs  to  examine  in  these 
patients.  The  presence  of  metastases  significantly  lowers  the  prognosis  for  survival 
and  has  stimulated  aggressive  measures  for  therapy,  such  as  indwelling  arterial 
catheters  to  deliver  chemotherapy,  surgical  resection,  and  percutaneous  tumor 
ablation.  [1]  The  major  deficiencies  of  these  techniques  have  been  the  inability  to 
adequately  localize,  count,  and  measure  metastatic  foci.  The  demands  placed  on 
available  imaging  techniques  are  heightened  because  the  liver  is  hidden  by  the  ribs, 
moves  with  respiration  and  cardiac  pulsation,  making  imaging  difficult.  The  use  of 
computed  tomography  (CT)  to  estimate  liver  tumor  volume  has  been  proposed  by 
several  investigators  because  of  its  importance  in  guiding  surgical  management 
decisions  and  monitoring  response  to  therapy. [2,3]  Although  CT  is  the  most 
practical,  there  is  difficulty  using  this  technique  because  of  its  inability  to  achieve 
optimal  image  segmentation  to  recognize  tumor  from  non-tumorous  tissue. [3] 

This  problem  exists  because  liver  tumors  require  the  use  of  contrast  media  and  the 
available  agents  have  a  significant  false  negative  and  positive  rates,  which  are  a 
result  of  complex  enhancement  patterns  and  indistinct  tumor  margins.  [2]  Rather 
than  using  complex  image  segmentation  schemes  to  reduce  these  shortcomings,  we 
attempted  to  solve  these  problems  by  using  a  liver  specific  contrast  agent  that  also 
enhances  the  vascular  space.  Based  on  our  experience  with  this  agent  (perflubron 
(perfluoro  octyl  bromide)  emulsion,  Imagent®  BP)  [4],  we  believe  that  it  is  ideal 
because  it  enhances  the  liver  homogeneously  as  well  as  hepatic  vessels  and 
hemangiomas  without  enhancing  tumors. [5]  These  properties  provide  fewer  false 
positives  and  negatives  and  sharper  tumor  margins,  essentially  creating 
'physiologic'  image  segmentation  (Figure  I). 

MATERIALS  AND  METHODS 

VX2  tumor  cells  were  harvested  from  a  NZW  rabbit  carrier  animal  and 
suspended  in  a  minimal  essential  medium  with  approximately  5x10^  cells/ml.  One 
or  more  tumor  sites  were  produced  in  the  experimental  animals  by  the  direct 
injection  of  0.2  ml  of  the  suspension  in  one  or  more  locations  in  the  liver  under 
ultrasound  guidance.  When  lesions  reached  ~1  cm  in  size,  CT  scans  using  a 
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FIGURE  I  CT  image  of  the  liver  with  implanted  VX2  tumors  taken  pre  and  5 
min  post  Imagent®  BP  administration.  Note  that  while  the  tumor  center  (T)  was 
nearly  isodense  with  liver  (L)  pre-contrast,  it  became  markedly  hypodense  at  5  min 
because  of  the  biodistribution  of  Imagent®  BP  (the  tumor  is  hypovascular 
compared  to  the  liver). 


GE9800  scanner  (General  Electric,  Milwaukee,  WI)  were  obtained  before  and 
immediately  after  the  infusion  of  3  ml/kg  Imagent®  BP  (ImBP)  (Alliance  Pharm. 
Corp.,  San  Diego,  CA).  The  images  were  acquired  with  a  16  cm  field  of  view  and 
512  X  512  image  matrix  over  the  entire  liver  region  using  1.5  mm  scan  thickness 
taken  every  1  mm.  After  imaging,  the  animals  were  sacrificed  and  frozen  at  -70°C 
for  subsequent  pathologic  correlation. 

The  acquired  images  were  retrieved  on  a  CEMAX  C-500  Workstation 
(Fremont,  CA).  This  system  is  based  on  a  Sparc  Workstation  running  CEMAX 
VIP  1.01  software  and  equipped  with  a  radiology  tape  reader.  The  post  contrast 
datasets  were  processed  by  using  thresholding  techniques  to  isolate  the  liver  from 
the  surrounding  abdominal  structures.  The  liver  margins  were  detected  by 
selecting  the  range  of  CT#s  encountered  within  the  liver  (80  to  170  Hounsfield 
Units)  and  performing  an  edge  detection  scheme.  Once  the  liver  margins  were 
identified,  non-liver  tissue  was  eliminating  from  each  image,  reducing 
computational  demands.  Identification  of  the  tumor  tissue  within  the  liver  was 
similarly  accomplished  by  placing  the  cursor  within  the  tumor  and  thresholding  the 
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tumor  tissue  by  taking  advantage  of  the  improved  contrast  (~40HXJ)  and 
demarcation  created  by  the  addition  of  ImBP.  Once  the  liver  and  tumor  tissues 
were  identified,  the  images  were  reconstructed  in  3D  and  displayed. 

Slices  were  obtained  from  the  frozen  carcasses  which  were  sectioned  into  2 
mm  slices  using  a  bandsaw  with  a  1  mm  blade  for  anatomical  correlation. 

RESULTS  AND  DISCUSSION 

The  applicability  and  accuracy  of  computer  processing  techniques  are 
substantially  increased  with  the  presence  of  improved  contrast  between  the  tissues 
of  interest.  [6]  The  addition  of  ImBP  significantly  improved  the  contrast  observed 
between  the  liver  and  tumor.  This  contrast  improvement  can  be  illustrated  in  a 
histogram  obtained  over  a  selected  region  of  interest  (Figure  II).  The  histogram 
has  dual  peaks,  the  left  peak  corresponds  to  the  tumor  which  has  a  lower  CT#,  and 
the  right  peak  shows  the  liver  at  the  higher  CT#.  ImBP  accumulates  in  the  liver, 
which  shifts  the  liver  histogram  peak  to  the  right,  increasing  liver-tumor  contrast. 
The  improvement  in  contrast  provided  a  means  of 'physiological'  image 
segmentation,  which  allowed  greater  application  of  computer  image  processing 
techniques.  [3] 

In  addition  to  the  improved  contrast,  it  is  important  for  the  contrast  agent 
to  improve  the  demarcation  of  the  tissue  boundaries.  [7]  In  CT  imaging,  partial 
volume  effects  are  the  primary  cause  for  fuzzy  margins  around  tissues.  Patient 
motion,  scan  thickness,  matrix  size,  and  contrast  agent  tissue  selectivity  all  impact 
the  degree  of  partial  voluming  observed  in  an  image.  The  lack  of  uptake  of  ImBP 
by  the  tumor  shortly  after  infusion  provides  a  mechanism  which  selectively 
improves  the  demarcation  of  normal  versus  diseased  tissue.  This  concept  can  be 
illustrated  by  analyzing  the  profile  of  a  scan  line  which  crosses  liver  and  tumor 
tissue  (Figure  III).  The  liver  pixels  are  the  'plateau'  and  the  tumor  tissues  are  the 
Valley’  in  the  scan  line  profile.  The  demarcation  between  the  tissues  is  illustrated 
by  the  slope  of  the  drop-off  between  the  liver  and  tumor  regions.  To  improve  the 
tissue  demarcations,  contrast  agent  selectivity  or  scanning  parameters  must  be 
improved  to  reduce  partial  voluming  effects. 

The  'physiological'  image  segmentation  provided  by  perflubron  emulsion 
allows  for  greater  efficiency  and  accuracy  in  image  quantitation  applications. [3,6] 
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FIGURE  11  Histogram  obtained  from  ROI  analysis  from  a  liver-tumor  containing 
region.  The  tumor  pixels  are  the  left  group  above  and  the  liver  pixels  are  the  right 
group.  The  degree  of  contrast  between  the  two  tissues  is  illustrated  by  the 
horizontal  distance  between  the  peaks. 
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CT  Number  vs  Position 

Two  adjacent  scan  lines 


Pixel  Position  in  mm 

FIGURE  III  Line  profile  taken  from  scan  lines  within  a  ROI  which  incorporates 
both  liver  and  tumor  tissue.  The  demarcation  between  the  tissues  is  illustrated  by 
the  slope  of  the  line  between  the  liver  (plateau)  and  tumor  (valley)  pixels 
(3.2pixels/mm).  Tumor  volumes  can  be  calculated  by  multiplying  the  number  of 
pixels  within  the  threshold  range  by  the  corresponding  geometric  conversion 
factor. 


In  post-contrast  image  sets,  liver  and  tumor  volumes  were  determined  by  using 
edge  detection  schemes  which  outlined  the  tissues  of  interest  based  upon  the  CT 
numbers.  Once  the  tissues  were  isolated  on  each  slice,  liver  and  tumor  volumes 
can  be  determined  based  upon  the  number  of  pixels  contained  within  the  tissue  and 
the  volume  conversion  factor  which  is  based  upon  the  scan  thickness  and  image 
matrix.  The  liver-tumor  burden  can  then  be  calculated  based  upon  the  ratio  of 
tumor  to  liver  volume.  This  process  can  be  easily  automated  to  yield  consistent  and 
reliable  measurements  in  images  obtained  after  the  administration  of  ImBP. 

Anatomical  slices  were  compared  to  the  CT  images  to  verify  the  presence 
of  tumor  within  the  liver  tissue.  The  geometric  orientation  was  not  identical 
between  the  slices  and  images,  but  obvious  correlation  was  evident.  Planimetry, 
accomplished  by  digitizing  and  analyzing  photographs  of  the  slices,  was  performed 
as  a  technique  to  validate  volume  measurements.  However,  correction  factors 
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must  be  employed  to  compensate  for  tissue  loss  as  a  result  of  the  gross  sectioning 
procedure.  Validation  may  also  be  accomplished  by  imaging  known  targets  with 
contrast  differences  similar  to  that  observed  between  the  liver  and  tumor  tissue. 
Preliminary  phantom  studies  with  known  tumor  targets  showed  that  computerized 
measurements  performed  as  described,  corresponded  within  5%  of  true  target 
volumes  . 

After  the  liver  and  tumor  tissues  were  isolated,  reconstruction  was 
performed  in  3D  to  aid  in  the  visualization  of  the  anatomy  (Figure  IV).  Tissue 
differentiation  based  on  CT  numbers  were  used  to  classify  the  tissue  as  liver  or 
tumor.  Colors  were  then  assigned  to  the  classified  tissues  and  3D  reconstruction 
was  performed  for  visual  display  of  the  tumor.  3D  reconstruction  provides  the 
viewer  with  a  vivid  representation  of  tumor  size  and  shape  as  compared  to 
surrounding  liver.  These  reconstructions  are  easier  to  interpret  than  those 
observed  in  the  planar  CT  images.  The  improved  visualization  may  prove  useful  in 
various  aspects  of  tumor  treatment  planning. 

Detection  and  quantitation  of  liver  tumors  is  difficult  with  standard  CT 
imaging  because  of  the  lack  of  sufficient  contrast  between  the  normal  and  diseased 
tissues.  The  use  of  contrast  agents  reduces  these  difficulties,  but  many  of  the 
currently  available  agents  suffer  due  to  significant  false  negative  and  positive  rates 
and  indistinct  tissue  margins  due  to  a  lack  of  sufficient  selectivity.  Blood  pool 
contrast  agents  such  as  Imagent®  BP  provide  an  improved  means  for  hepatic  lesion 
detection  and  provide  'physiological'  image  segmentation.  This  greatly  improves 
visual  diagnostic  potential  and  increases  the  utility  of  computer  image  processing 
techniques,  including  automation.  The  use  of  blood  pool  contrast  agents  and  the 
resulting  improved  image  quantitation  techniques  may  assist  the  radiologist, 
surgeon,  and  oncologist  in  patient  management  with  respect  to  the  detection, 
visualization,  and  monitoring  of  liver  tumors  and  responses  to  tumor  therapy. 
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ABSTRACT 

Perfluorooctyl  bromide  is  an  oxygen-carrying  perfluorocarbon  presently  under 
development  as  an  artificial  blood  substitute  (Oxygent™ HT).  Intravenous  (i.v.)  Oxygent 
HT  elicits  a  mild  side-effect  profile  in  man  characterized  by  early  onset  headache  and 
nausea  and  delayed  onset  fever.  Early  onset  flushing  has  also  been  observed.  Species  of 
Artiodactyla  are  sensitive  to  particulate  injections  and  demonstrate  a  transient  pulmonary 
hypertensive  response  thought  to  be  associated  with  the  large  number  of  pulmonary 
intravascular  macrophages  found  in  these  species.  Because  of  this  sensitivity,  we  chose  the 
swine  as  a  model  for  further  investigations.  In  anesthetized  and  conscious  swine,  i.v. 
Oxygent  HT  transiently  increased  mean  pulmonary  artery  pressure  (mPAP)  and  caused 
flushing.  Both  effects  peaked  at  30  min  post  injection  and  were  resolved  by  2  hrs.  Plasma 
thromboxane  B2  (TxB)  increased  in  response  to  Oxygent  HT.  Oxygent  HT-indu(xd 
changes  in  mPAP,  flush,  and  plasma  TxB  were  blocked  by  aspirin  and  ibuprofen. 
Dexamethasone  and  SQ  29,548  (thromboxane  receptor  antagonist)  blocked  the  raPAP 
increase.  In  conscious  swine,  Oxygent  HT  caused  a  febrile  response  which  was  blocked 
by  ibuprofen  or  dexamethasone.  Thus,  both  early-  and  late-onset  effects  of  Oxygent  HT  in 
swine  are  blocked  by  interference  with  the  arachidonic  acid  cascade.  These  findings 
suggest  that  the  2-phase  "flu-like"  syndrome  induced  by  Oxygent  HT  is  secondary  to  the 
release  of  products  of  the  arachidonic  acid  cascade  and  may  be  effectively  prophylaxed  in 
man  with  corticosteroids  or  long  plasma  half-life  cyclooxygenase  inhibitors. 
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INTRODUCTION 

Perfluorooctyl  bromide  (perflubron)  is  an  oxygen-carrying  perfluorocarbon  (PFC) 
under  development  as  a  temporary  blood  substitute  {Oxygent™  HT)  [1].  Oxygent  HT,a. 
phospholipid  emulsion  (90%  perflubron  w/v)  with  a  mass  median  particle  size  of 
approximately  0.2  m,  elicits  both  acute  and  delayed  clinical  side  effects  when  administered 
i.v.  to  human  volunteers.  The  acute  effects  include  skin  flushing  (similar  to  the  "niacin 
flush”  thought  to  occur  as  a  result  of  prostaglandin  D2  release)  and  backache,  and  occur 
between  0  and  2  hours  post-injection.  The  delayed  effects  are  characterized  by  a  "flu-like 
syndrome"  (including  fever  and  nausea)  which  occurs  between  2  and  24  hours  post¬ 
injection.  Species  of  the  Order  Artiodactyla  (which  includes  domestic  swine)  demonstrate 
early,  transient  pulmonary  hypertensive  and  skin  flushing  responses,  and  a  delayed  febrile 
response  to  particulate  injections  (including  injections  of  perflubron  emulsion)  [2]. 
Because  of  this  enhanced  sensitivity  to  particulate  injections,  domestic  swine  (anesthetized 
and  conscious)  were  chosen  as  the  model  for  further  investigations  of  i.v.  Oxygent  HT 
clinical  side  effects. 

RESULTS 

In  anesthetized  and  conscious  swine,  Oxygent  HT  (3  mL/kg  administered  i.v.  at  an 
infusion  rate  of  0.2  mL/kg/min)  elicited  an  early,  transient  rise  in  mean  pulmonary  artery 
pressure  (mPAP)  and  skin  flushing  (Figure  1,  Panel  A),  both  of  which  peaked  at  30 
minutes  post  injection  and  resolved  completely  by  2  hours.  No  concurrent  change  in 
arterial  pressure,  cardiac  output,  or  heart  rate  was  observed.  Under  these  same  conditions, 
changes  were  observed  in  plasma  thromboxane  B2  (TxB)  levels  (0-2  hrs  post-injection) 
with  no  change  in  plasma  bradykinin,  histamine  or  serotonin  levels.  The  rise  in  mPAP  and 
skin  flushing  were  successfully  blocked  by  prophylaxis  with  aspirin  (20  mg/kg,  p.o.), 
which  also  blocked  the  transient  rise  in  plasma  TxB  levels.  Ibuprofen  (20  mg/kg,  p.o.), 
indomethacin  (1  mg/kg  +  1  mg/kg/hr,  i.v.),  dexamethasone  (1  mL/kg  x2,  i.v.),  and  the 
TxB  receptor  antagonist,  SQ  29,548  (0.2  mg/kg  +  0.2  mg/kg/hr,  i.v.)  also  blocked  the  rise 
in  mPAP,  while  SKF  104,353  (a  leukotriene  D4  receptor  antagonist,  3  mg/kg  -1-  3 
mg/kg/hr,  i.v.),  WEB  2086,  (a  platelet  activating  factor  antagonist,  0.1  mg/kg  +  0.1 
mg/kg/hr,  i.v.)  and  benadryl  (a  histamine  antagonist,  1  mg/kg  i.v.)  had  no  effect  on  this 
response. 

In  conscious  swine,  i.v.  Oxygent  HT  also  elicited  a  delayed  febrile  response.  This 
response  was  characterized  by  a  1  to  2°  C  increase  in  body  temperature  which  peaked  at  4 
hrs  post  injection  and  resolved  to  varying  degrees  over  the  next  2  to  24  hours  (Figure  1, 


(s-t  e|Bos  BAtiBiay)  jo|oo  u!>ts 


Change  in  Body  Temperature  (degrees  C) 
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Panel  B).  This  delayed  febrile  response  was  successfully  blocked  by  ibuprofen, 
indomethacin,  and  dexamethasone.  Benadryl,  SQ  29,548,  WEB  2086,  acetaminophen  (10 
mg/kg,  p.o.),  and  SKF  104,353  had  no  effect  on  the  febrile  response  (Figure  2). 

DISCUSSION 

Intravenous  Oxygent  HT  elicits  both  acute  (rise  in  mPAP  and  skin  flushing)  and 
delayed  (fever)  responses  in  swine.  The  early,  transient  rise  in  mPAP  (due  to  the  activation 
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of  pulmonary  intravascular  macrophages)  and  skin  flushing  (caused  by  the  substantial 
release  of  prostaglandins  upon  macrophage  activation)  are  blocked  by  long  plasma  half-life 
cyclooxygenase  inhibitors  (ibuprofen  and  indomethacin)  and  corticosteroids 
(dexamethasone).  Similarly,  the  delayed  febrile  response  is  eliminated  by  prophylaxis  with 
a  cyclooxygenase  inhibitor  or  corticosteroid.  These  interfere  with  the  arachidonic  acid 
cascade,  suggesting  that  the  responses  elicited  by  i.v.  Oxygent  HT  are  secondary  to 
products  of  the  arachidonic  acid  cascade  released  from  phagocytic  cells  (macrophages) 
normally  involved  in  the  clearance  of  particulates  from  the  circulation.  The  results  from 
these  studies  indicate  that  the  clinical  side  effects  of  i.v.  Oxygent  HT  in  man  may  be 
effectively  prophylaxed  with  corticosteroids  such  as  dexamethasone,  or  long  plasma  half- 
life  cyclooxygenase  inhibitors  such  as  ibuprofen  or  indomethacin. 
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Ganglioside  G^i,  inclusion  of  into  LEH, 
relation  of  to  circulation 
persistance,  9-25 

Gas  exchange,  improvement  of  during 
ECMO  by  lung  management  with 
perfluorocarbon  liquid  ventilation, 
1389-1396 
Genetic  engineering 
of  myoglobin  as  a  simple  prototype 
for  hemoglobin-based  blood  sub¬ 
stitutes,  429-441 

of  recombinant  human  hemoglobin, 
rationally  designed,  initial  clinical 
experience  with,  457-465 
Glycolipids,  double  tailed 

perfluoroalkylated,  as  components 
for  drug  delivery  and  targeting 
systems,  1485-1490 

GMP.  See  Good  Manufacturing  Practice 
Good  Manufacturing  Practice  (GMP), 
characterization  of  the  process 
and  the  DCLHb  manufactured 
under  for  clinical  studies,  701-708 


H 

Heart  failure,  refractory,  in  patients  with 
Cooley's  anemia,  isolated  ultrafil¬ 
tration  for,  109-113 

Heme,  as  inducer  of  antioxidant  defenses 
in  the  endothelium,  207-213 


Heme  exchange  rates,  for 

site-specifically  cross-linked  ver¬ 
sus  polymerized  human 
hemoglobins,  comparison  of, 
443-455 
Hemodilution 

acute,  enhanced  oxygen  delivery  by 
perflubron  emulsion  during, 
1161-1167 

and  blood  substitutes,  137-144 
canine  surgical,  improvement  in  circu¬ 
latory  and  oxygenation  status  by 
perflubron  (Oxygent  HT)  in, 
965-977 

with  DCLHb,  effect  of  during  focal 
cerebral  ischemia  in  rats,  813-818 
with  hemoglobin  solution  in  vitro,  co¬ 
agulation  responses  of  human 
plasma  after,  613-618 
moderate,  with  Fluosol,  effect  of  on 
cytochrome  P4502D6  activity  in 
the  rat,  1237-1242 
Hemodynamic  response 
central,  during  infusion  of  perflubron 
emulsion  or  its  vehicle  in  anesthe¬ 
tized  dogs,  1343-1353 
to  intravenous  DCLHb  solution  in  rats, 
91-107 

regional  circulatory  and  systemic,  ef¬ 
fects  of  DCLHb  on  in  the  rat, 
593-602 
Hemoglobin 

acellular  and  cellular  solutions  of  as 
vasoconstrictive  factor,  559-564 
anaerobically  reaced  with  divinyl  sul- 
fone,  as  a  source  for  oxygen  car¬ 
riers,  687-693 
cross-linked 

with  different  length  reagents,  ther¬ 
mal  stabilities  of,  719-724 
use  of  enzymes  for  protection  of 
against  autoxidation,  709- 
717 

cross-linking  of  by  molecular  clamps, 
415-428 
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denatured,  increase  of  human  blood 
mononuclear  cell  procoagulant 
effect  by,  625-631 

divinyl  sulfone  reacted  bovine,  struc¬ 
tural  and  oxygen-binding  proper¬ 
ties  of,  677-686 

effect  of  on  release  of  cytokine  and 
platelet-activating  factor  from  hu¬ 
man  monocytes  and  macrophages, 
525-534 
encapsulated 

cross-linking  of  with  solid-phase 
supports,  479-485 
in  nonphospholipid  vesicles, 

849-854 

as  an  enhancer  of  lipopolysaccharide 
biological  activity,  387-398 
liposome  encapsulated 
current  issues  and  future  goals  of, 
347-360 

relation  of  inclusion  of  ganglioside 
G^i  in  to  circulation  persistance, 
9-25 

sterically  stabilized,  efficacy,  physi¬ 
cal  properties,  and  pharmacokinet¬ 
ics  of,  487-501 

technetium-99m  labeled,  circulation 
profile  of  in  a  10%  or  50%  rat 
hypovolemic  shock  model, 
909-915 
modified 

with  a  long-chain  fatty  acid  deriva¬ 
tive,  prolongation  of  the  intravas¬ 
cular  retention  of,  27-42 
redox  reactivity  of  with  hydrogen 
peroxide  and  nitric  oxide,  toxico¬ 
logical  implications  of,  373-386 
PEG  modified 

bovine,  economics  and  feasibility  of 
production  of,  657-667 
as  an  efficient  oxygen-delivery  sys¬ 
tem  in  the  rat  exchange 
transfusion  and  hypovolemic  shock 
models,  795-803 
hemoglobinuria  as  a  test  of  renal 


filtering  and  absorption 
of,  535-541 

restoration  of  normal  oxygen  ten¬ 
sion  in  the  ischemic  rat 
liver  model  by,  805-812 
purification  of,  651-656 
random  chemical  modification  of  for 
identification  of  chloride  binding 
sites  to  determine  their  role  in 
oxygen  affinity,  199-205 
recombinant  human,  initial  clinical 
experience  with,  457-465 
site  specifically  cross-linked  versus 
polymerized  human,  comparison 
of  heme  exchange  rates  of, 
443-455 

solubility  of,  method  for  determining, 
753-761 
solutions 

bovine,  reaction  of  human  endothe¬ 
lial  cells  to,  777-787 
hemomodilution  with  in  vitro,  coag¬ 
ulation  responses  of  human 
plasma  after,  613-618 
in  vitro  safety  testing  of  by  mea¬ 
surement  of  interleukin-6  produc¬ 
tion  by  monocytes,  835-840 
oxygenation  of  the  rat  9L 
gliosarcoma  and  the  rat  13672 
mammary  carcinoma  with  various 
doses  of,  827-833 
test  model  for  prevention  of  side 
effects  by,  577-585 
whole  body  rinse-out  with,  for  in¬ 
vestigation  of  the 
effectiveness  of  the  removal  of 
anti-xeno-antibodies  by, 

789-794 
stroma  free 

as  an  enhancer  of  lipopolysaccha¬ 
ride  activity,  387-398 
quality  control  of,  939-944 
separation/purification  of  from  ani¬ 
mal  blood  by  application  of  aque¬ 
ous  two-phase  system,  641-649 
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Hemoglobin  A 

bissulfosuccinimidyl  esters  of  aliphatic 
dicarboxylic  acids  as  a  new  class 
of  affinity-directed  PP 
cross-linkers  of,  747-752 
recombinant  human  produced  in 

transgenic  swine,  structural  equiv¬ 
alence  of  with  human  hemoglobin 
A,  695-700 

Hemoglobin  iron,  a  nonradioactive  meth¬ 
od  for  tracing  of,  619-624 

Hemoglobin  vesicles 
characteristics  of  and  encapsulation 
procedure  for,  861-866 
nonphospholipid,  849-854 
stabilized,  467-477 

Hemoglobinuria,  as  a  test  of  renal  filter¬ 
ing  and  absorption  of 
PEG-hemoglobin,  535-541 

Hemorrhagic  shock,  canine,  effect  of  neo 
red  cells  on  hemodynamics,  blood 
gas  transport,  and  safety  of  vital 
organs  in,  503-516 

Hydrogen  peroxide,  redox  reactivity  of 
modified  hemoglobins  with, 
373-386 

Hyperpolymers,  from  native 

hemoglobins  with  cross-linkers, 
influence  of  polymerization  on 
oxygen  affinity  and  cooperativity 
during  production  of,  725-731 

Hypertensive  response,  to  a  modified 
hemoglobin  solution  (DCLHb), 
nitric  oxide  as  a  mediator  of  in 
rats,  1-7 

Hypovolemic  shock  models,  rat 
PEG-Hb  as  an  efficient 

oxygen-delivery  system  in, 

795-803 

10%  or  50%,  circulation  profile  of 
technetium-99m  labeled  liposome 
encapsulated  hemoglobin  in, 
909-915 

Hypoxia,  and  cancer,  overview  of  the 

session  on  at  the  Fifth  Internation¬ 


al  Symposium  on  Blood  Substi¬ 
tutes,  279-284 


I 

Imagent®  BP 

as  a  blood  pool  contrast  agent  to  visu¬ 
alize  and  quantitate  liver  tumor 
burden,  1501-1509 

efficacy  of  at  1.5  ml/kg  in  a  rabbit 
liver  tumor  model,  1491-1499 

Imaging  agents,  role  of  in  the  staging  of 
cancer,  285-294 

Immobilization,  a  misleading  experimen¬ 
tal  protocol  in  the  field  of, 
115-117 

Interferon-induced  proteins,  role  of  in 
the  differentiation  of  Friend 
erythroleukemic  cells  in  vitro, 
769-775 

Interleukin-6  production,  measurement 
of  by  monocytes  for  in  vitro  safe¬ 
ty  testing  of  hemoglobin  solu¬ 
tions,  835-840 

Intravascular  retention,  of  hemoglobin 
modified  with  a  long-chain  fatty 
acid  derivative,  27-42 

Iron-58,  neutron  activation  analysis  of, 
as  a  nonradioactive  method  for 
tracing  hemoglobin  iron,  619- 
624 

Ischemia 

acute  myocardial,  effects  of 

reperfusion  with  arterial  blood  on, 
253-278 

cerebral,  effects  of  lecithin-emulsified 
perfluorochemical  compounds  in, 
83-89 

focal  cerebral,  effect  of  hemodilution 
with  DCLHb  during,  813-818 

in  the  rat  liver  model,  restoration  of 
normal  oxygen  tension  in  by 
PEG-Hb,  805-812 

regional,  cardiovascular  applications  of 
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fluorocarbons  in,  1069-1081 

L 

LEH.  See  Lipome  encapsulated  hemo¬ 
globin 

Lipid  absorption,  by  perfluorochemical 
emulsions,  effect  of  in  the  blood¬ 
stream  and  perspectives  of  its 
clinical  application,  1337-1342 

Lipidheme-microsphere 

structure  and  solution  properties  of, 
855-860 

as  totally  artificial  red  blood  cell  sub¬ 
stitute,  895-900 

as  totally  synthetic  oxygen  carrier,  and 
oxygen-carrying  ability  of, 
933-938 

Lipopolysaccharide,  enhancement  of  bio¬ 
logical  activity  of  by  hemoglobin, 
387-398 

Lipoproteins,  of  plasma  blood,  effect  of 
perfluorochemical  emulsion  on, 
1295-1298 

Liposome  embedded  heme,  as  a  totally 
artficial  red  blood  cell  substitute, 
895-900 

Liposome  encapsulated  hemoglobin 
(LEH) 

current  issues  and  future  goals  of, 
347-360 

relation  of  inclusion  of  ganglioside 
Gmi  in  to  circulation  persistance, 
9-25 

sterically  stabilized,  efficacy,  physical 
properties,  and  pharmacokinetics 
of,  487-501 

technetium-99m  labeled,  circulation 
profile  of  in  a  10%  or  50%  rat 
hypovolemic  shock  model, 
909-915 

Liposomes,  containing  low  mol%  of 

dienoyl  phosphocholine  to  blood, 
use  of  carboxymethyl  chitin  to 


reduce  toxicity  of,  883-888 
Liquid  fluorocarbon  pads  (Sat  Pads), 
reduction  of  magnetic  suscepti¬ 
bility  differences  using, 

1477-1483 
Liquid  ventilation 

full-tidal  with  perflubron,  for  preven¬ 
tion  of  lung  injury  in  newborn 
non-human  primates,  1121- 
1132 

long  term  partial,  with  perflubron  in 
the  near-term  baboon  neonate, 
1381-1387 

with  perfluocarbon,  lung  management 
of  improves  pulmonary  function 
and  gas  exchange  during  ECMO, 
1389-1396 

Liver  detoxification  enzymes,  effect  of 
perfluorochemicals  on,  1259-1266 
Liver  tumors 

imaging  efficacy  of  with  Imagent  BP 
at  1.5  ml/kg,  1491-1499 

visualization  and  quantitation  of  using 
Imagent  BP  as  a  blood  pool  con¬ 
trast  agent,  1501-1509 

Lung 

functions,  after  intravenous  or  intra- 
peritoneal  administration  of 
perfluorooctyl  bromide  or 
perfluorotributylamine  emulsions, 
1251-1258 

injury,  in  newborn  non-human  pri¬ 
mates,  full-tidal  liquid  ventilation 
with  perfluorocarbon  for  preven¬ 
tion  of,  1121-1132 

oxygenation  of  during  PAGE, 
1377-1380 

perfluorocarbon  filled,  gas  ventilation 
in  for  PAGE,  1133-1139 
Lymph  node  imaging,  using  perflubron 
emulsion,  preclinical  and  clinical 
studies  of,  1429-1439 
Lysophosphatidylcholine,  as  candidate 
vasoconstrictive  factor  in 
stroma-free  hemoglobin,  939-944 
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M 

Magnetic  susceptibility  differences,  re¬ 
duction  of  using  liquid  fluorocar¬ 
bon  pads  (Sat  Pads),  results  with 
spectral  presaturation  of  fat, 
1477-1483 

Magnetrometry,  testing  of 

perfluorodecalin  emulsion  by,  for 
biocompatibility  in  macrophages, 
1231-1236 

Medical  ointments,  application  of  fluoro¬ 
carbon  emulsions  as  components 
of,  1331-1336 

Membranes,  alginate/polylysine  with 

various  contents  of  mannuronic  or 
guluronic  acid,  FT-IR  spectra  of, 
71-82 

Mesenteric  artery  occlusion  shock,  influ¬ 
ence  of  perflubron  on  the  creation 
of  oxygen  free  radical  products 
in,  1223-1230 

Methemoglobin,  formation  of  after  ad¬ 
ministration  of  hemoglobin  conju¬ 
gated  to  carboxylate  dextran,  in 
guinea  pigs,  551-558 

Microcirculation 

effects  of  hemodilution  with  blood 
substitutes  on,  137-144 
of  striated  muscle,  evaluation  of  the 
effects  of  DCLHb  on,  587-592 

Microemulsions,  of  perfluorinated  and 
semi-fluorinated  compounds, 
1007-1018 

Microspheres 

lipidheme 

structure  and  solution  properties  of, 
855-860 

as  totally  artificial  red  blood  cell 
substitute,  895-900 
as  totally  synthetic  oxygen  carrier 
and  oxygen-carrying 
ability  of,  933-938 

poly(lactic  acid)  hemoglobin,  prepara¬ 
tion  and  characterization  of. 


867-873 

Military  trauma,  applications  of  blood 
substitutes  for,  145-157 
Molecular  clamps,  used  for  cross-linking 
hemoglobin,  415-428 
Molecular  dowels,  mixed  fluorocar¬ 
bon/hydrocarbon 

emulsions,  biodistribution  and  excre¬ 
tion  of  as  determined  by  nu¬ 
clear  magnetic  resonance, 
1193-1198 

improved  control  over  particle  sizes 
and  stability  of  concentrated  fluo¬ 
rocarbon  emulsions  by  use  of, 
1183-1191: 

protection  against  coalescence  by,  of 
concentrated  fluorocarbon  emul¬ 
sions  with  large-size  droplets 
1267-1272 
Monocytes 

human  cell  line,  phagocytosis  of  a 
fluorescently  labeled  perflubron 
emulsion  by,  1215-1221 

measurement  of  interleukin-6  produc¬ 
tion  by,  for  in  vitro  safety  testing 
of  hemoglobin  solutions,  835-840 
Mononuclear  cell  procoagulant  effect, 
increase  of  with  denatured  hemo¬ 
globin,  625-631 

Multiple  organ  blocks,  normothermic 
preservation  of  with 
perfluorooctyl  bromide  emulsion, 
1455-1461 

Muscle,  striated,  evaluation  of  the  ef¬ 
fects  of  DCLHb  on  the  microcir¬ 
culation  of,  587-592 
Myoglobin,  genetic  engineering  of  as  a 
simple  prototype  for 
hemoglobin-based  blood  substi¬ 
tutes,  429-441 


N 

Nanocapsules,  submicron  biodegradable 
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polymer  membrane  hemoglobin, 
as  potential  blood  substitutes, 
889-893 
Neo  red  cells 

effect  of  on  hemodynamics  and  blood 
gas  transport  in  canine  hemor¬ 
rhagic  shock  and  its  safety  for 
vital  organs,  503-516 

in  vivo  studies  of  the  characteristics, 
function,  and  safety  of,  875-881 
Neurotoxicity,  cc-a  cross-linked  hemo¬ 
globin  dependent,  399-413 
Neutron  activation  analysis,  for  iron-58, 
as  a  nonradioactive  method  for 
tracing  hemoglobin  iron,  619-624 
Nitric  oxide 

as  mediator  of  the  hypertensive  re¬ 
sponse  to  a  modified  hemoglobin 
solution  (DCLHb)  in  rats,  1-7 

redox  reactivity  of  modified 
hemoglobins  with,  373-386 
Noninvasive  physiology,  by  nuclear 
magnetic  resonance  of 
perfluorocarbons,  1141-1153 
Nonphospholipid  vesicles,  encapsulation 
of  hemoglobin  in,  849-854 
Nuclear  magnetic  resonance 

19p 

determination  of  biodistribution  and 
excretion  of  a  mixed  fluorocar¬ 
bon/hydrocarbon  dowel  emulsion 
by,  1193-1198 

of  perfluorocarbon  distribution  to 
liver,  lung,  and  spleen,  1243- 
1250 

of  perfluorocarbons  for  noninvasive 
physiology,  1141-1153 

use  of  Oxygent  as  a  probe  for,  mea¬ 
surement  of  tumor  oxygen  tension 
by,  1361-1367 

functional,  of  a  metabolite  of  ^’02, 
1055-1068 

perfluorocarbon  F-19,  quantitative  pOj 
imaging  in  vivo  with,  1029- 
1042 


O 

Organ  preservation 
issues  and  problems  of  in  the  United 
States,  327-346 

normothermal,  with  perfluorooctyl 
bromide  emulsion,  1455-1461 
postmortem,  using  an  Oxygent  supple¬ 
mented  perfusate,  1469-1475 
without  extreme  hypothermia,  using  an 
Oxygent  supplemented  perfusate, 
1463-1468 

Ostwald  ripening,  in  fluorocarbon  emul¬ 
sions,  analysis  of  by  sedimenta¬ 
tion  field-flow  fractionation, 
1317-1323 

Oxidation 

enhanced,  of  bis(3,5-dibromosalicyl) 
fumarate  a- a  cross-linked  hemo¬ 
globin  by  free  radicals  generated 
by  xanthine/xanthine  oxidase, 
517-524 

of  hemoglobin,  attempts  to  prevent, 
551-558 

Oxidative  assessment,  of 

phospholipid-stabilized 
perfluorocarbon-based  blood  sub¬ 
stitutes,  1287-1293 

Oxygen 

delivery 

amphiphilic  sugar  phosphates  with 
single  or  double 
perfluoroalkylated  hydrophobic 
chains  for,  1273-1279 
concepts  of  tissue  pOj  in  relation  to, 
763-768 

influence  of  functional  capillary 
density  changes  on,  during 
blood  substitution  with  a  a  hemo¬ 
globin  and  dextran  70,  841- 
847 

PEG-Hb  for  in  the  rat  exchange 
transfusion  and  hypovolemic 
shock  models,  795-803 
by  perflubron  emulsion  during  acute 
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[Oxygen  continued] 

hemodilution,  1161-1167 
fluorochemical  transport  and  delivery 
of,  mechanisms  and  efficacy  of, 
181-197 

solubility,  rheology,  and  hemodynam¬ 
ics  of,  for  perfluorocarbon  emul¬ 
sion  blood  substitutes,  235-244 
tracking  of  by  quantitative  pOj  imag¬ 
ing  in  vivo  with  perfluorocarbon 
F-19  nuclear  magnetic  resonance, 
1029-1042 

transport,  of  artifical  red  cells, 
901-907 
Oxygen  affinity 

influence  of  polymerization  on  during 
production  of  hyperpolymers, 
725-731 

role  of  chloride  binding  sites  in  con¬ 
trol  of,  random  chemical  modifi¬ 
cation  of  hemoglobin  to  identify, 
199-205 
Oxygen  carriers 

hemoglobin  based,  increased  vascular 
resistance  with,  361-372 
human  hemoglobin  anaerobically  re¬ 
acted  with  divinyl  sulfone  as  a 
source  for,  687-693 
lipidheme-microsphere  as,  933-938 
potential  role  of  in  autologous  blood 
transfusion  protocols,  245-251 
and  transfusion  medicine,  123-135 
Oxygen  free  radical  products,  influence 
of  perflubron  on  the  creation  of  in 
mesenteric  artery  occlusion  shock, 
1223-1230 

Oxygen  tension,  normal,  restoration  of  in 
the  ischemic  rat  liver  model  by 
PEG-Hb,  805-812 
Oxygenation 

during  perfluorocarbon  associated  gas 
exchange  in  normal  and  abnormal 
lungs,  1377-1380 

by  a  perfluorochemical  emulsion  and 
carbogen  breathing,  for  human 


tumor  xenografts  in  nude  mice, 
1369-1375 

of  the  rat  9L  gliosarcoma  and  the  rat 
13672  mammary  carcinoma  with 
various  doses  of  a  hemoglobin 
solution,  827-833 
Oxygent''’” 

as  a  nuclear  magnetic  resonance 
probe  at  4.7  T,  measurement  of 
tumor  oxygen  tension  by, 
1361-1367 

perfusate  supplemented  with 
for  organ  preservation  without  ex¬ 
treme  hypothermia,  1463-1468 
postmortem  organ  salvage  using, 
1469-1475 

Oxygent™  CA,  pharmacokinetics  and 
tolerance  of  weekly  infusions  of 
in  the  dog,  1155-1160 
Oxygent™  HT 

improvement  in  circulatory  and  oxy¬ 
genation  status  by  in  a  canine 
model  of  surgical  hemodilution, 
965-977 

side  effects  of,  characterization  and 
mechanism  of  in  swine, 
1511-1515 


P 

PAGE.  See  Perfluorocarbon  associated 
gas  exchange 

Partial  liquid  ventilation,  long  term,  with 
perflubron  in  the  near-term  ba¬ 
boon  neonate,  1381-1387 

Particle  size 

of  concentrated  fluorocarbon  emul¬ 
sions,  improved  control  over  by 
use  of  mixed  fluorocar¬ 
bon/hydrocarbon  molecular  dow¬ 
els,  1183-1191 

large,  protection  of  coalescence  of  in 
concentrated  fluorocarbon  emul¬ 
sions  by  mixed  fluorocar- 
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bon/hydrocarbon  molecular  dow¬ 
els,  1267-1272 

of  perflubron  emulsions,  influence  of 
on  blood  half-life  and  febrile  re¬ 
sponse  in  rats,  1169-1174 
PEG-Hb.  See  Polyethylene  glycol  hemo¬ 
globin 

Perflubron/egg  yolk  phospholipid  emul¬ 
sions,  effects  of  buffer  pH  and 
phosphate  concentration  on  the 
droplet  size  and  egg  yolk  phos¬ 
pholipid  hydrolysis  of,  1299-1305 
Perflubron  emulsions 
concentrated,  in  aqueous  media,  stabil¬ 
ity  of  with  egg  yolk 
phospholipids,  1325-1330 
effects  of  formulation,  processing,  and 
storage  parameters  on  the  charac¬ 
teristics  and  stability  of, 

1307-1315 

enhanced  oxygen  delivery  by  during 
acute  hemodilution,  1161-1167 
fluorescently  labeled,  phagocytosis  of 
by  a  human  monocyte  cell  line, 
1215-1221 

influence  of  on  the  creation  of  oxygen 
free  radical  products  in  mesenteric 
artery  occlusion  shock,  1223-1230 
infusion  of  in  anesthetized  dogs,  cen¬ 
tral  hemodynamics  and  blood 
flow  distribution  during, 

1343-1353 

long-term  partial  liquid  ventilation 
with,  in  the  near-term  baboon  ne¬ 
onate,  1381-1387 

for  lymph  node  imaging,  preclinical 
and  clinical  studies  on,  1429- 
1439 

Oxygent  CA,  pharmacokinetics  and 
tolerance  of  weekly  infusions  of 
in  the  dog,  1155-1160 
Oxygent  HT,  improvement  in  circula¬ 
tory  and  oxygenation  status  by  in 
a  canine  model  of  surgical  hemo¬ 
dilution,  965-977 


1539 
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Perfluorinated  compounds, 

microemulsions  of,  1007-1018 
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and  hemodynamics  of,  235-244 
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room  temperature  stable,  with 
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loendothelial  system,  1175- 
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[Perfluorocarbons  continued] 
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bloodstream  and  its  clinical  appli¬ 
cation,  1337-1342 
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Phospholipid-stabilized 
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pOj,  monitoring  of  by  spin-spin  relax¬ 
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Polyester  foam,  as  an  immobilization 
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by,  805-812 
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control  of  with  anti-hypertensive 
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in,  603-612 
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Procoagulant  effect,  of  human  blood 
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ministration,  625-631 
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oxygen-binding  properties  of 
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hemoglobin  as  a  function  of, 
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1409-1420 
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ventilation,  1389-1396 
Pulmonary  gas  trapping  (PGT) 
differences  of  among  animal  species 
in  response  to  intravenous  infu¬ 
sion  of  perfluorocarbon  emul¬ 
sions,  1199-1204 

proposed  mechanism  of,  following 
intravenous  perfluorocarbon  emul¬ 
sion  administration,  1205-1214 
Purification,  of  hemoglobin,  convenient 


method  of,  651-656 
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emulsions  and,  1097-1108 
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nated  contrast  agents  with, 
1421-1428 

Reactant  concentration,  structural  and 
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hemoglobin  as  a  function  of, 
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magnetic  resonance  imaging  of, 
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al  properties  of,  733-738 

Recombinant  human  hemoglobin,  ra¬ 
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engineered,  initial  clinical  experi¬ 
ence  with,  457-465 

Red  blood  cell  substitutes 

human  hemoglobin  conjugated  to  car- 
boxylate  dextran  as, 
pharmacotoxicological  evaluation 
of,  543-549 

physicochemical  characterization  of, 
669-676 

liposome  embedded  heme  and 
lipidheme-microsphere  as, 

895-900 

oxygen  transport  and  in  vivo  parame¬ 
ters  of,  901-907 
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of  renal  filtering  and  absorption 
of,  535-541 

Redox  reactivity,  of  modified 
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oxide  and  nitric  oxide,  toxicologi¬ 
cal  implications  of,  373-386 

Reperfusion 

with  arterial  blood,  effects  of  on  acute 
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[Reperfusion  continued] 

myocardial  ischemia,  253-278 
cardiovascular  applications  of  fluoro¬ 
carbons  in 

current  status  and  future  direction 
of,  1083-1096 

for  regional  ischemia,  1069-1081 
Respiratory  medium,  perfluorochemical 
liquid  as,  315-326 
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Semi-fluorinated  compounds, 

microemulsions  of,  1007-1018 
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Solubility,  determination  of  for  hemoglo¬ 
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Spin-spin  relaxation  rate,  1/T2  of 

monitoring  of  pOj  in  a  rabbit  ab¬ 
scess  model  by,  1449-1454 

Stability 

of  concentrated  fluorocarbon  emul¬ 
sions,  improved  control  over  by 
use  of  mixed  fluorocar¬ 
bon/hydrocarbon  molecular  dow¬ 
els,  1183-1191 
long  term  room  temperature 
of  fluorocarbon  emulsions,  991-1005 
of  perfluorocarbon  emulsions,  with 
acceptable  half-lives  in 


the  reticuloendothelial  system, 
1175-1182 

Storage  parameters,  effects  of  on  the 
characteristics  and  stability  of 
perflubron  emulsion,  1307- 
1315 

Stroma-free  hemoglobin 
as  an  enhancer  of  lipopolysaccharide 
activity,  387-398 
quality  control  of,  939-944 
separation/purification  of  from  animal 
blood  by  application  of  aqueous 
two-phase  system,  641-649 

Subcutaneous  tissue,  intracellular  and 
extracellular  transport  to  regional 
lymphatics  of  perfluorocarbon 
emulsion,  1441-1447 
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Thermal  stabilities,  of  hemoglobins 

cross-linked  with  different  length 
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globin  solutions,  577-585 
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oxygen  delivery,  763-768 

Toxicity,  of  liposomes  containing  low 
mol%  of  dienoyl  phosphocholine 
to  blood,  reduction  of  by  use  of 
carboxymethyl  chitin,  883-888 

Transfusion  medicine,  oxygen  carriers 
and,  123-135 

Transfusion  protocols,  autologous  blood, 
potential  role  of  oxygen-carrying 
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products  in,  245-251 
Tumor  necrosis  factor,  reaction  of 
human  endothelial  cells  to, 
777-787 

Tumor  oxygen  tension,  measurement  of 
using  Oxygent  as  a  nuclear 
magnetic  resonance  probe  at  4.7 
T,  1361-1367 
Tumor  oxygenation 
after  carbogen  and/or  perflubron  emul¬ 
sion  administration  in  tumor 
xenografts  and  carbogen  admin¬ 
istration  in  patients,  1355- 
1360 

rat  9L  gliosarcoma  and  rat  13672 
mammary  carcinoma,  with  vari¬ 
ous  doses  of  a  hemoglobin  solu¬ 
tion,  827-833 
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Ultrafiltration,  isolated,  for  refractory 
heart  failure  in  patients  with 
Cooley's  anemia,  109-113 
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P(NAl)Val-deleted,(NA2)His-Met  he¬ 
moglobin,  synthesized  in  Esche- 
richia  coli,  functional  properties 
of,  739-745 

Vascular  resistance,  increased,  with 

hemoglobin-based  oxygen  carri¬ 
ers,  361-372 


Vasoconstrictive  factor 
acellular  and  cellular  hemoglobin  solu¬ 
tions  as,  559-564 

lysophosphatidylcholine  as,  in  quality 
control  of  stroma-free  hemoglo¬ 
bin,  939-944 

Vasoconstrictor  effects,  in  isolated  rabbit 
heart  perfused  with 
bis(3,5-dibromosalicyl)  fumarate 
cross-linked  hemoglobin,  565-575 
Vesicles 

fluorinated  phospholipid  based,  as  po¬ 
tential  drug  carriers,  1403-1408 
hemoglobin 

characteristics  of  and  encapsulation 
procedure  for,  861-866 
stabilized,  467-477 

nonphospholipid,  encapsulation  of  he¬ 
moglobin  in,  849-854 
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Whole  body  rinse-out,  with  hemoglobin 
solution,  effectiveness  of  the  re¬ 
moval  of  anti-xeno-antibodies  by, 
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Xanthine/xanthine  oxidase,  free  radicals 
generated  by,  enhanced  oxidation 
of  bis(3,5-dibromosalicyl)  fuma¬ 
rate  a- a  cross-linked  hemoglobin 
by,  517-524 
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